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CABLE TOOL OPERATORS! 


ba a Tip from That Famous Chinese Philosopher 
op Sing Who Sa 


"0 E ILLUSTRIOUS BAKER CORE Worth 
Many Thousand Noble Guesses." 


. .. and Hop Sing is RIGHT! 


Guessing from mere bailer 
samples is an outmoded prac- 
tice. There is too much at 
stake to depend upon any- 
thing less than complete, un- 
contaminated cores ... cores 
that tell the “hole” story ... 
the kind of cores that are 
consistently recovered with 
the BAKER CABLE TOOL 
CORE BARREL. 


HERE ARE 8 PROFITABLE USES FOR THE 
BAKER CABLE TOOL CORE BARREL: 


1. Determining whether sands are oil-bearing, 
water-bearing, or dry. 


2. Picking up low-pressure sands which may be 
made productive by shooting. 


3. Selecting proper casing locations. 


4. Determining exact position for perfect water 
shut-offs. 


5. Testing as to porosity, saturation and perme- 
ability. 

6. Determining approximate inclination of forma- 
tions. 


7. Locating breaks in sands separating oil-bearing 
from water-bearing horizons. 


8. Securing cores for exact lithologic and paleon- 
tologic determination. 


It will pay you to investigate the proven efficiency, 
economy and dependability of this tool. 


Complete details are given in the 
Baker Section of Your 1938 Com- 
posite Catalog. 


BAKER OIL TOOLS, INC. 


Telephone JEferson 8211 - HUNTINGTON PARK, CALIFORNIA — 2959 E. Slauson Ave. 
Telephone WAyside 2108- HOUSTON PLANT AND OFFICE - 6023 Navigation Blvd. 


‘WEST TEXAS BRANCH OFFICE EXPORT SALES OFFICE ROCKY MOUNTAIN HEADQUARTERS 
217 fim Rector St. Now York City Tel. 2230-Cesper, Wyoming Bon 1466 
Digby +’ 


BAKER 


| ¢ : | 
at 
4 
el 
| | 
| 
: 
| 
q | 
| 
\ | 
CBE 
| 
| 
2 | 


Bulletin of The American Association of Petroleum Geologists, October, 1938 


BULLETIN 
of the 


AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
OFFICE OF PUBLICATION, 608 WRIGHT BUILDING, TULSA, OKLAHOMA 


WALTER A. VER WIEBE, Editor 


GEOLOGICAL DEPARTMENT, UNIVERSITY OF WicuiTa, KANSAS 


ASSOCIATE EDITORS 
GENERAL K. C. HEALD, Gulf Oil Corporation, Box 1166, Pittsburgh, Pa. 
HUGH D. MISER, U. S. Geological Survey, Washington, D. C. 
THERON WASSON, Room 2308, 35 E. Wacker Drive, Chicago, Ill. 
GEOPHYSICS G. H. WESTBY, Seismograph Service Corporation, Tulsa, Okla. 


APPALACHIANS 
North OHN R. REEVES, Penn-York Natural Gas Corporation, Buffalo, N.Y. 
South ILLIAM O. ZIEBOLD, 1572 Virginia Street, Charleston, W. Va. 
NORTH CENTRAL STATES R. B. NEWCOMBE gon South Main Street, Mount Pleasant, Mich. 
KANSAS ANTHONY FOLGER, Gulf Oil Corporation, Wichita, Kan. 
OKLAHOMA 
Western ROBERT H. DOTT, Oklahoma Costin Survey, Norman, Okla. 
Eastern BUCKSTAFF, Shell Petroleum Box Tulsa, 
TEXAS 
North and Central i B. LOVEJOY, Gulf Oil C: ration, Fort Worth, Tex. 
Northeastern . A. WENDLANDT, Humble Oil and Refining Company, bag Tex. 
Panhandle td E. GALLEY, Shell Petroleum Co ration, Amarillo, Tex. 
San Antonio ERSCHEL H. COOPER, rors Milam Building, San Antonio, Tex. 
Permian Basin HAL P. BYBEE, Box 2101, University Station, Austin, Tex. 
GULF COAST SIDNEY A. JUDSON, Texas Gulf Producing Company, Houston, Tex. 
MARCUS A. HANNA, Gulf Oil Corporation, Houston, Tex. 


ARKANSAS AND NORTH LouisiANA C. L. MOODY, Ohio Oil Company, Shreveport, La. 
ROCKY MOUNTAINS 7 = BRAINERD, Continental Oil yy Denver, Colo. 


CALIFORNIA , W, Standard Oil Company, Los Angeles, Calif. 
W. D. KLEINPELL, Box 1131, Bakersfield, Calif. 
FOREIGN 
Gener: MARGARET C. COBB, Room 2703, 120 Broadway, New York, N. Y. 
Europe W. A. J. M. VAN WATERSCHOOT VAN DER GRACHT, Staatstoezicht op 
de Mijnen, Heerlen, Holland , 
Canada THEODORE A. LINK, Imperial Oil, Ltd., Calgary, Alberta 
South America HOLLIS D. HEDBERG , Mene Grande Oil Co.,’Apt. 35, Ciudad Bolivar, 


Venezue' 


Tue Butietin or Tut AMERICAN AssociATION OF PETROLEUM GEOLOGISTS is by the Association 
on the rsth of each month. Editorial and publication office, 608 Wright Building, Tulsa,Oklahoma. Post Office 
Box 979. Cable address, AAPGEOL. 

THE SUBSCRIPTION PRICE to non-members of the Association is $15.00 per year (separate numbers, $1.50) 
prepaid to addresses in the United States. For addresses outside the United States, an additional charge of $0.40 
is made on each subscription to cover extra wrapping and handling. 

British agent: Thomas Murby & Co., 1 Fleet Lane, Ludgate Circus, London, E. C. 4. 

German agent: Max Weg, Inselstrasse 20, Leipzig CI, Germany. 

CLAIMS FOR NON-RECEIPT of preceding numbers of THE BuLLeTIN must be sent Association headquarters within 
three months of the date of publication in order to be filled gratis. 

BAcK NUMBERS OF THE BULLETIN, as available, can be ordered from Association headquarters. Paper-bound 
Vol. 2 (1918), $4.00; Vol. 3 (1919), $5.00. Cloth-bound Vol. 5 (1921), $12.00; Vols. 11 (1927) to 16 (1932), Vols. 
18 (1934) to 21 (1937), each $17.00. Other volumes, many separate numbers, and a few nearly complete sets 
are available. Descriptive price list sent on or Special prices to members and associates. Discounts to libraries. 
Structure of Typical American Oil Fields, Vol. IL (1929), nee ($5.00 to members and associates). Stratigraphy 
of Plains of Southern Alberta (1931), $1.50. Geology of Natural Gas (1935), $6.00 ($4.50 to members and associates). 

eology of Tampico Region, Mexico (1936), $4.50 ($3.50 to members and associates). Structural Evolution of Southern 
California (1936), $2.00. Gulf Coast Oil Fields (1936), $4.00 ($3.00 to members and associates). Comprehensive Index, 
1917-1936 (1937), $3.00 (to members and associates: free; extra copy, $2.00). 

Tue BuLtetin furnishes thirty-five reprints of major papers. Additional reprints and covers for all or part 

are furnished at cost. ORDERS FOR REPRINTS should accompany corrected galley proof. 


Association Headquarters—608 Wright Building, 115 and 117 West Third Street, Tulsa, Oklahoma. 
the manuscripts, editorial matters, subscriptions, special ublic 
business should be addressed to 
THE AMERICAN ASSOCIATION OF PETROLEUM 
GEOLOGISTS, INC. 
BOX 979 
TULSA, OKLAHOMA 


Entered as second-class matter at the Post Office at Tulsa, Oklahoma, and at the Post Office at Menasha, 


Wisconsin, under the Act of March 3, 1879. Acceptance for mailing at special rate uf vided for in section 
1103, Act of October 3, 1917, authorised arch 9, 1923. ee 


e 
i 
| 
| 
# 
49 
& 
| 
3 
‘ 
pin 
j 
| 
| 
| 
| 
| 


Bulletin of The American Association of Petroleum Geologists, October, 1938 


THE AMERICAN ASSOCIATION OF 
PETROLEUM GEOLOGISTS, INC. 


Organon t T Oklahoma, Fi 1917, as the Southwestern Association of Petroleum Geologists. Present name 
: pel ot Tule, 1918. Incorporated Ci. April 23, 1924. Domesticated in Oklahoma, February 9, 1925.) 


OFFICERS FOR THE YEAR ENDING MARCH, 1939 


DONALD C. BARTON, President, Houston, Texas HAROLD W. HOOTS, Vice-President, Glendale, California 
IRA H. CRAM, Secretary-Treasurer, Tulsa, Oklahoma WALTER A. VER WIEBE, Editor, Wichita, Kansas 
(The foregoing officers, together with the Past-President, H. B. FUQUA, Fort Went, Texas, 


constitute the Executive Committee. ) 


DISTRICT REPRESENTATIVES 
(Representatives terms expire immediately after annual meetings of the years shown in ee 


Amarillo: Carl C. Anderson (40), Amarillo, Tex. New York: W. T. me (39), Princeton, N.J 
Appalachian: Robert W. Clark (39), Pittsburgh, Pa. Pacific Coast: A. Arthur Curtice (39), Homer J. Steiny (39), 

S. E. by ty (39), Calvary, y, Canada E. J. Bartosh (40), Los Angeles 

Geena: Arthur A. Baker (40), ~ BR Cc. Rocky Mountains: J. Harlan Johnson (30), Golden, Colo. 
Dallas: P. W. 40}, Dallas, Shreveport: A. F. Crider G9), Shreveport, La. 

East Oklahoma: . Bush (39), R B. Rutledge (39), South America: James A. Tong (39), Caracas, Venezuela 
W. B. Wilson r _ “Tulsa, Okla. So. Permian Basin: Cary P. Butcher (30) Midland Tex. 
Fort Worth: J. F. Hosterman (39), Tulsa, Okla. South Texas: Fred P. Shayes (39), Beeville; R. F. Schoolfield 

Great Lakes: amin Hake (30) ), Indiana polis, -Ind. 9), San Antonio, T 
Houston: Orval L. Brace (3 avid 7 Olcott (30), Tyler: A. C. Wri right op) T. 

Wallace pson (40) ouston, Tex. est Okiahoma: Shawnee, Okla. 
Mexico: William A . Baker, Jr. (39), Houston, +. Wichita: Edward A. Koester (39), W ichita, Kan. 
New Mexico: Harold S. Cave (39), ‘Roswell, N. Mex. Wichita Falls: Virgil Pettigrew (40), Wichita Falls, Tex. 

DIVISION REPRESENTATIVES 
Paleontology and Mineralogy 

E. H. Sellards (39), Austin, Tex. Henry V. Howe (39), Baton Rouge, La. 


PACIFIC SECTION (Chartered, March, 1925) 
W. KEW, President, Standard Oil Company, Los Angeles, California 
E. WAYNE GALLIHER’ Secretary-Treasurer, 930 Petroleum Securities Building, Los a California 
Membership restricted to members of the Association in good standing, residing in Pacific Coast states. Dues: $1.50 per year. 


SOUTH TEXAS SECTION (chartered, April 192) 
W. A. MALEY., President, Humble Oil and R Company, Corpus Christi, Texas 
Cc. C. MILLER, Secrelary-Treasurer, The Texas Company, Corpus Christi, Texas 
Membership limited to persons eligible to Association membership. ‘om $2.so. Annual meeting in October. 


MARACAIBO SECTION (chartered, April, 1930) 


— HN L. KALB, President, Lago Petroleum Co: tion, Maracaibo, Venezuela 
CHESTER A. BAIRD, Dasctery-Treemrer, Mene Grande Oil Company, Maracaibo, Venezuela 


DIVISION OF PALEONTOLOGY AND MINERALOGY 
SOCIETY OF ECONOMIC PALEONTOLOGISTS AND MINERALOGISTS 
(Organized, March, 1927; affiliated, March, 1928; chartered, technical division, April, 1930) 
E. H. SELLARDS, President, Austin, Texas 
HENRY V. HOWE, Secretary-Treasur er, Louisiana State University, Baton 
SEND DUES, SUBSCRIPTIONS: AND ORDERS ‘FOR BACK NUMBERS BOX Ol OKLAHOMA. 
The Society and the ee Society yg tes six times a year the Journal of Paleontology, . or C. Moore, 
University of Kansas, Lawrence, Kansas, and C. Wythe Cooke, U U. $ Geol Geological Survey, Washington, D. C., editors: sub- 


scription, $6.00. The Journal 4 Sedimentary Poudiety. W.H. Twenhofel, editor, University of Wisconsin Ma 


isconsin, 
is issued three times a year: su tion, $3.00. Sing 


copies, Journal o; rh Paleoniology , $2.00; Journal of hia, Petrology, 
$1.50. Society dues: with Jour. Pal., $6.00; with Jour. Sed. Petrology, 3.00; with bath, $8.00 per year. 
AFFILIATED SOCIETIES 
(Dates of affiliation in parentheses) 
of Petroleum Alberta, Can. (31). S. E. Slipper, Secy-» 215 Sixth Avenue, West 
hian ical Society Charleston, Virginia ( (31). Charles Secy., Godfrey L. Cabot, Inc., Box 348 


more Geological Society, Ardmore Oklahoma P. Gill, rairie Oil Company 

Dallas Petroleum Geologists, Dallas, Texas (35 Clawson, Sec 7 ia Petroleum Company 

East Texas Geological Society, T: ler, Texas Ss) C. L. Herold, Secy. "Spell troleum Corporation 

Fort Worth Geological Society, Fort Worth, Texas (31). Herbert I radfield, Seg. ,. The Texas Company 
Geological Society, ouston, Texas (32). Lon D. Cart ight, /s Secy., Skelly Oil Company 

Kansas ical Kansas (31). Forrest E. Wim' ih, Secy. be Chautauqua 

Michigan Geo! Socmy, Mount Pleasant, Mich. (37). W. A. Clark 

North Texas Society, Wichita F alls, Texas (38). Paul E. M. Purcell Shell Petroleum Corporation 

Oklahoma City he may ser Society, Oklahoma ‘City 7 oma (31). C. E. Hamilton, "Secy. -, 504 Hightower Building 


Panhandle Geological Society, Amarillo, Texas (32). G. R. Carter, -, Gulf Oil Corporation 

Shawnee Geological dye Shawnee, Oklahoma ~yt J; Lawrence uir, Secy., Amerada Petroleum Corporation 
Shreveport Geo! , Shreveport, Lo’ 7 — imer, Secy. Arkansas-Louisiana Gas Company 
society of Explorstion ysicists ouston, eacock, Secy., 825 Es; nm Building 

south Louisiana Geological gy 37), W Secy., 207 Weber Buildi 

southwestern Geologica! Society Bybee, ‘Box Station 


ulsa, Oklahoma (31). 4} Johnston, Sec Sunray = Com 


Western Kentucky Geo! Owensboro, jKentucky ( Kni Ohio Oil Company 
Weat Texas Geological Society, ‘Ol Company 


| 
| 
4 
a 
— 
| 
| 
4 
i 
| 


THE HALOID COMPANY, 


Geophysicists report that Haloid Record gives consistently 


good year round performance in the field and laboratory. 


The Haloid research laboratories are constantly experimenting 


to provide the finest paper available for geophysical recording. 


Haloid's recently improved sensitizing plant is one of the finest 
in the photographic industry. Complete air conditioning, humidi- 
fying and dehumidifying apparatus assure control of the 


product during every step of manufacture. 


Test rolls will be sent gladly if you address your 
request to Department 64. 


ROCHESTER, N. Y. 
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Self-Checking SURWEL 
GYROSCOPIC 
Have CLINOGRAPH 


YOU 
considered 
the value of 
surveys 


Self-Checking 
H-K CLINOGRAPH 


for open holes only, pro- 


. on large leases as an assistance 


in solving production problems? : 
vides permanent, accurate 


. in cases when wells are located records of inclination 


near border lines? 


and direction five min- 
utes after removing in- 


prior to deepening old holes? struments from hole. 


. when having difficulties with 


pumping equipment? 


. where water may be infiltrating? Self-Checkin g 


SYFO CLINOGRAPH 


SURWEL SERVICE 


Two surveys are made for the price of one, providing a 
double check. Open holes are surveyed by attaching the 
SURWEL Clinograph to the drill stem and making a round 
trip as fast as the drill crew can make it. 


Cased holes are | ay surveyed making a round trip 
on the wire line. From the of tect well, these 


used on a wire line or 
as a "Go-Devil" inside 


figures are taken: the drill stem, or on sand or bailing 

In-run started at 10 h. 16 m. 35 sec. line in open hole, affords inexpen- 

sive daily records of vertical de- 
Records taken every 100 feet. viation in drilling. 


A NEW CORE ORIENTATION SERVICE 


Sperry-Sun Polar Core Orientation does not interfere with drilling. Orientation is de- 
termined in our laboratory. No special equipment required at well. No loss of drilling 
time. 


WELL SURVEYING COME 
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More Vivid Stereoscopic Images 


increase accuracy of observations 


Perspective and depth of focus are 
important requisites in the study of 
well borings. 

Spencer Low Power Binocular 
Microscopes provide a wide field of 
view and great depth of focus. They 
produce a more vivid stereoscopic 
image because the objectives con- 
verge at a 16 degree angle—an exclu- 
sive Spencer feature. The eye pieces, 


however, converge at the comfortable 
angle of 8 degrees eliminating eye- 
strain and fatigue. 


A dust-tight revolving drum carry- 
ing objectives of different magnifica- 
tions is available. 


Using one of these instruments 
brings a full realization of the real 
value of these Spencer features. 


Write Dept. K29 for descriptive literature. 


Spencer Lens Company 


MICROSCOPES SPENCER REFRACTOMETERS 
MICROTOMES COLORIMETERS 
PHOTOMICROGRAPHIC | BUFFALO | SPECTROMETERS 
EQUIPMENT — PROJECTORS 
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SSC EXPERIENCE HAS RESULTED 


IN THE DISCOVERY OF 
39 PRODUCING OIL FIELDS Sammy 


SSC Experience is WORLD WIDE, embracing the United States, Canada, Little 
America, Argentina, Venezuela, New Zealand, Dutch East Indies, Europe and Asia, 
with over 50 Seismic Recording Units in use by SSC and many Major Oil Com- 


panies. 


Surveys. 


and special Scientific Equipment. 


ent Protection, including 
licenses not at present 
held by any other Geo- 
physical Company. 


tion. 


WRITE FOR A COPY 
OF THE SSC BLUE BOOK 


Each SSC Crew is composed of men of long experience in Seismic Reflection 


SSC Through its manufacturing affiliate, Engineering Laboratories, Inc., is equipped 
to manufacture and pioneer many important contributions in Seismic Instruments 


SSC Offers complete Pat- The experience and ad- 
vice of the Companies 
Engineers are at all times 
available for consulta- 
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Out in Front . . . with a Balanced Personnel 


When you buy acidizing you should buy knowledge, experience and performance 
and not acid alone. The acid or other materials used, while important, are only 
a@ means to an end—increased production. 

What counts most is how much the organization employed knows about acid 
treatments from every angle and for your wells. 

This is Dowell's great advantage—the prime reason it serves the big majority 
of producers. In its ranks are chemists and technicians who have to their com- 
bined credit every major contribution to the whole process of acidizing. 


There are geologists of national reputation. 
And there are practical oil men who know the hard side of oil. 


Dowell is “out in front because it deserves to be there. It has won the respect 
and confidence of the industry because it offers brains with its materials. 


Dowell's latest achievement—a new principle of acid action. Dowell "XR" 
Acid is kept active till it travels far into the pay zone. Get the facts on Dowell 
"XR" from any Dowell office. There is no price premium for this new acid. 
It is offered where applicable at the same price as the famous Dowell ‘'X." 


DOWELL SUSTAINED ACTION ACID 


DOWELL INCORPORATED 


Subsidiary of THE DOW CHEMICAL COMPANY 
General Office: Kennedy Bldg., Tulsa, Okla. 


Now in MEXICO .. . DOWELL SOCIEDAD ANONIMA, San Juan de Letran No. 6, Desp. 10! 
Apartado Postal 24-24, Mexico, D.F., Mexico 
Esquina: 2a. 63a. Avenidas. La Isleta, Apartado Postal 438, Tampico, Tamaulipas, Mexico 


DISTRICT OFFICES 


Ada, Oklahoma Hobbs, New Mexico Seagraves, Texas 
Amesiiio, Texas Lawrenceville, Illinois ne 
rger, Texas eminole, jahoma 
Calgary, Alberta ———— Shelby, Montana 
Co: » oming Midland Shreveport, Louisiana 
Eureka, Kansas Stamford, Texas 
Flora, Illinois Mt. Pleasant, Michigan Stonewall, Oklahoma 
Great Bend, Kansas Newton, Kansas Tulsa, Oklahoma 
Hays, Kansas Okotoks, Alberta Wichita, Kansas 


OIL AND GAS WELL CHEMICAL SERVICE 
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SEDIMENTS OF GREAT SALT LAKE, UTAH! 


A. J. EARDLEY? 
Ann Arbor, Michigan 


ABSTRACT 


The sedimentary environment is investigated by study of the lake’s origin, topog- 
raphy and hydrography of the region draining into the lake, chemistry of the lake 
waters and tributary streams, and plant and animal life in the lake. The lake is a 
colloidal suspension in which a concentrated electrolyte is the dispersing medium and 
clay the main constituent of the disperse phase. The electrolyte is a complicated solu- 
tion of salts of different solubilities. Calcium and magnesium carbonate and a hydrous 
magnesium silicate have been precipitating out for a considerable time, and at low lake 
levels sodium chloride has crystallized on the bottom. Cold weather results in tempo- 
rary sodium sulphate precipitation. Three types of permanent sediments are most com- 
mon, namely: the clays, odlites, and calcareous algal deposits. All come from the same 
source materials but varying mechanical conditions or the activity of the lake plants 
and animals have caused different physical and chemical characteristics. 

The clays are exceptionally smooth and plastic, which property is due chiefly to 
the base ions, particularly Na*, absorbed by the clay particles. The average origin of 
the plastic sediments is approximately as follows: clastic and colloidal material trans- 
ported by lake currents, 20 per cent; clastic material (possibly some colloidal) trans- 
ported by wind and deposited in water, 44 per cent; and material precipitated from 
solution, 36 per cent. 

The identifiable minerals are the common detrital ones with quartz most common. 
They reflect the nature of the rocks of the nearest shore, but probably contain some 
admixture from more distant regions by wind transportation. The chemical precipi- 
tates are aragonite, CaCO;; dolomite, 2MgCO;-CaCOs; parasepiolite (?), 2MgO- 35102 
- 4H,0; and absorbed bases, Ca, Mg, Na, and K. A fine white colloidal clay complex is 
believed to be made up chiefly of colloidally transported montmorillonite (?); chemi- 
cally precipitated parasepiolite (?); colloidal size particles of quartz, feldspar and other 
detrital minerals; and absorbed ions of Ca, Mg, Na, and K. 

The average moisture content of the clays is 39 per cent on a total weight basis. 
Compaction and dehydration appear to be occurring even at shallow depths. A crude 
hexagonal fissure system is an interesting consequence at two places, as are also the 
effects of a recent earthquake in liberating cold salt water in fissures around an almost 
buried bedrock hill. The organic content of the clays averages about 1 per cent. Bac- 
teria are very active and emit sulphurous fumes. The diagenic effect of the bacteria on 
the carbonate and organic content could not be determined. Careful bacteriologic work 
. The lake waters are reductive to iron compounds and prevent the appear- 
coloring in the sediments. 

The odlites are found only along the shores exposed to vigorous wave activity. The 


1 Manuscript received, May 11, 1938. , 
2 Department of Geology, University of Michigan. 
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oblitic sand is everywhere rippled. The odlites consist of nucleus (mineral particles and 
faecal pellets of the brine shrimp) and concentric layers (about 84 per cent CaCOs, 
5-5 per cent 2MgCO;- CaCO; and 5.6 per cent of very fine clay). The odlites grow by 
accretion from solution of carbonate molecules which build acicular, submicroscopic 
crystals of aragonite with some dolomite crystals interspersed, all probably oriented 
normal to the surface of attachment. The Ca** and Mg** ions of the carbonate crystals 
attract and precipitate clay particles less than 350 microns in diameter from suspension 
by base exchange. The clay becomes entrapped along the sides of the growing fibrous 
crystals. A small amount of organic matter becomes occluded in the same way. Con- 
stant agitation by the waves in the troughs of ripple marks exposes all parts of the 
odlite surface equally to accretion of the carbonate and clay and removes any excess 
clay that might settle. Radial structure is formed by inversion of aragonite to calcite 
with merging of crystals until microscopically visible. The enmeshed clay is pushed to 
the side of the growing bundles of calcite crystals or to the lamination contacts, and 
results in white, opaque inter-ray areas. 

Extensive calcareous bioherms are present along the shores exposed to wave ac- 
tivity. Theyare principally the deposits of the alga, A phanothece Packardii but bacterial 
precipitation of carbonate may also be important. 

The CaO: M0 ratio of the soluble contents of the river waters that empty into the 
lake is about 2.6:1. The weighted ratio of the same oxides, soluble in weak, hot HCl, 
from all of the lake sediments is 7.3:1. This difference can not be accounted for by con- 
tinued concentration of magnesium in the lake waters, but is understood, at least in 
part, by base ion absorption of Mg** ions in greater proportion than Ca** ions in and 
around the various colloidal particles of the clays. 

About one-third of the lake sediments are the rod-shaped faecal pellets of the brine 
shrimp, Artemia gracilis. The pellets differ in composition from the bottom clays only 
in a higher carbonate content indicating that the shrimps consume a great deal of in- 
organic matter but that some carbonate is, perhaps, precipitated in the digestive tract. 

The lateral sedimentary variations and the burial of islands are described. Future 
structures for oil accumulation are probably in the making. 


INTRODUCTION 


A knowledge of sediments forming in present saline lakes should 
add to the ability to interpret correctly sedimentary rocks of geologic 
antiquity. The investigation of Great Salt Lake seemed important 
for this reason and a particularly opportune time occurred during 
the drouth of 1933 and 1934 when low lake levels exposed many 
square miles of lake bottom. 

The sedimentary environment was established by a study of the 
lake’s origin, chemistry, and life together with the topography and 
hydrography of the region draining into it. These subjects are briefly 
treated in the first part of the paper. The second part describes the 
distribution, chemistry, and petrography of the sediments, and pro- 
poses theories for their origin. To facilitate reading, a comprehensive 
summary of the properties and origin is included at the end of the 
discussion of each type of sediment. The paper concludes with a 
survey of the lateral variations of the sediments, the burial of the 
islands, and the associated structures that are in the process of 
formation. 

The writer wishes to acknowledge his indebtedness and apprecia- 
tion to the following scientists who have willingly codperated in the 
work of the project: Parker D. Trask and H. E. Hammar for the 
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organic content analyses (the work was done under the auspices of the 
U. S. Geological Survey under Project No. 4, A.P.I. Research Pro- 
gram; actual analyses by Hammar); M. W. Senstius, University of 
Michigan, for mechanical analyses of the silts and clays and for 
many consultations regarding the chemistry of the sediments; K. A. 
Gorton, graduate student at the University of Michigan, for calcium 
and magnesium analyses of many samples; Ruth Patrick for identi- 
fication and ecology of the diatoms; the late T. A. Brighton, of the 
University of Utah, for advice on the physico-chemical reactions in 
the lake; D. A. Lyon, University of Utah and chairman of the Diking 
Project of Great Salt Lake, for engineering data on the drillings and 
soundings between Promontory Point, Fremont Island, and Antelope 
Island, and for assistance in securing the H ydrographer, a well equipped 


boat, for study on the lake; T. C. Adams and Leon Stanley, both ° 


of the University of Utah, for hydrographic data; W. R. Taylor of 
the University of Michigan, and Francis Drouet of the University of 
Missouri, for identification of algae; W. S. Flowers, Carbon County 
High School, Utah, for information relative to the algae; The 
Southern Pacific Railroad offices in Ogden, Utah, for data compiled 
during the building and maintenance of the Lucin Cut-Off; Merrill 
Haas, who accompanied the writer on a lake trip in 1933 and assisted 
in collecting and recording; Max Demorest, who also accompanied 
the writer on a lake trip in 1934; W. F. Hunt, A. B. Peck, L. S. 
Ramsdell, and C. B. Slawson, of the Department of Mineralogy of the 
University of Michigan, for mineral determinations; and especially 
T. S. Lovering of the Department of Geology of the University of 
Michigan, W. W. Rubey and W. H. Bradley of the U. S. Geological 
Survey, and C. E. ZoBell of the Scripps Institution of Oceanography 
for critical reading. The Faculty Research Fund of the University of 
Michigan supplied financial assistance for an aerial survey of the lake 
and for some of the chemical analyses. 


SEDIMENTARY ENVIRONMENT 
ORIGIN OF GREAT SALT LAKE 


Great Salt Lake is a saline remnant of a fresh-water body, which, 
at its highest level, was 1,000 feet above the present lake. It had an 
extreme north-south length of 300 miles, a greatest east-west extent 
of 180 miles, and an area of 19,750 square miles. Detailed examination 
furnishes evidence at once plentiful and conclusive that this ancient 
lake extended southward over the Sevier Desert, and probably over 
the Escalante Desert also, nearly ‘to the Arizona line; westward over 
the Great Salt Lake Desert, into Nevada; and northward to the upper 
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limit of Cache Valley and, therefore, 25 miles beyond the Idaho 
boundary. Gilbert named this inland sea ‘Lake Bonneville,” in honor 
of Captain Bonneville, who gave the first authentic description of the 
existing lake as a result of his explorations in 1833. Although early 
explorers before 1875 had observed evidence of vanished lakes, it is 
Grove Karl Gilbert and his associates to whom is due the greater part 
of the present knowledge of Great Salt Lake and its geologic history. 
His report, U. S. Geological Survey Monograph I, is the standard work 
on the subject. Very little new information has been added in the 
48 years that have elapsed since its publication in 1890. 

The Great Basin, in which Lake Bonneville and other Pleistocene 
lakes formed, originated some time after the beginning of extensive 
normal faulting. Although considerable relief may have existed in the 


PRE-BONNEVILLE INTER-BON. BON. 
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Fic. 1.—Diagram indicating fluctuations in lake level of Lake Bonneville. Adapted from 
Gilbert’s Figure 34, p. 262, U. S. Geol. Survey Mon. r. 


topography at the time faulting began, drainage to the Pacific was 
soon cut off, and interior basins were formed. The deformation began 
probably in late Pliocene time*® and has continued to the present. 
According to Gilbert,‘ 


Alluvial fans were formed about the bases of all its greater mountain ranges, 
and the smaller ranges were wholly or partly buried by valley deposits. The 
valley deposits may have been entirely alluvial, but were probably also partly 
lacustral, the lakes being of small extent . . . 

There followed two epochs of high water, with an interval during which 
the basin was nearly or quite empty. The first of these epochs was, at least, 
five times as long as the second. The second scored its high water mark go feet 
higher than the first [1,025 above Great Salt Lake level] and would have 
encroached still farther on the basin sides had it not been checked by outflow. 
During the epoch of outflow, the discharging current eroded the rim, and 
thus lowered the lake 375 feet; and after the outflow had ceased, the water 
fell by desiccation, with one notable interruption, to its present level in Great 
Salt Lake. The inter-Bonneville epoch was of greater duration than the time 
that has elapsed since the final desiccation . . . 


3 A. J. Eardley, “Strong Relief before Block Faulting in the Vicinity of the Wasatch 
Mountains, Utah,” Jour. Geol., Vol. 41 (1933), pp. 243-67. 


4G. K. Gilbert, “Lake Bonneville,” U.S. Geol. Survey Monograph I (1890), p. 316. 
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The final drying of the basin divided it into ten or twelve independent 
basins. Three of these now contain lakes, the others for the most part contain 
playas, or playa lakes with beds of salt. 


The level of Great Salt Lake has fluctuated through a range of 
153 feet in historical time. Figure 1 is an attempt to convey a visual 
picture of the history of Lake Bonneville. It is an adapted reproduc- 
tion of Gilbert’s Figure 34, page 262. 

The last outflow of the lake was at the Provo level. Desiccation 
resulted in the concentration of the soluble materials of the lake of 
this level into those of the much smaller Great Salt Lake. The soluble 
contents of approximately 300 parts were concentrated into one, and 
to this has been added the soluble discharge of the rivers since out- 
flow ceased, leaving a lake of high salinity. 


GEOGRAPHY AND TOPOGRAPHY OF GREAT SALT LAKE AREA 


Great Salt Lake is divided by Promontory Range, Fremont Island, 
and Antelope Island into a western and an eastern basin (Fig. 2 and 
Pl. rb). With the water at the highest historical level the western 
part would have a length of 80 miles in a northwest direction, a width 
of 16-24 miles, and a maximum depth of slightly less than 50 feet. 
The eastern division at high water extends 48 miles in a north-north- 
west direction, is 6-12 miles wide, and has a maximum depth of 15 
feet. 

Promontory Range extends southward into the lake as a peninsula 
more than 20 miles long. Its serrated crest in places stands 2,300 feet 
above Great Salt Lake but due to the aridity of the region there are 
no perennial streams. The canyon and gulch bottoms are dry for more 
than 6 months, but a few small springs issue during the entire year. 
Fremont Island is separated from the end of Promontory Range by a 
distance of 2.8 miles and from the Antelope Island by 6 miles. Ante- 
lope Island is separated from the Oquirrh Mountains on the south by 
a distance of 8.2 miles, when the water is at its highest stage, but 
during years of low lake level wagons and even light automobiles can 
be driven from the mainland on the southeast to the island (Pl. 2a). 
The Oquirrh Mountains are even higher than the Promontory Range 
but inasmuch as only their northern end borders on the lake, there is 
no direct perennial stream discharge except that coming through the 
concentrating plant of the Utah Copper Company. 

A peninsula is almost formed by Carrington Island and Stansbury 
Island, which are separated by very shallow water for a distance of 
4.8 miles. Stansbury Island is actually a peninsula except at very high 
water level. It is probably a northward extension of the Stansbury 
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PL. 1a.—Aerial view, looking northwest, of Carrington Island with extensive salt- 
crusted clay and odlitic flats laid bare by low lake level of 1936. Bird Island is just visi- 
ble in northeast corner of white salt-crusted area. East margin of exposed lake bottom 
is chiefly bioherm. 

b.—Aerial view southward, showing Lucin Cut-Off at Promontory Point, Fre- 
mont and Antelope islands, 6 and 16 miles, respectively, in distance; on {right horizon, 
— Range, about 40 miles away, and on left horizon, Salt Lake salient of Wasatch 

nge. 


— 
H 
“A * € 4 } 
4 


Osymacus) 


> 
SALT 
ane 
Cit 
| 
Burmeste! 
> AS} 
é z 
< 
W CALCAREOUS ALGAL j BEDROCK, GENERALLY LAKE CLAYS AND ie 
OOLITES BIOHERMS MOUNTAINOUS AREAS L VALLEY ALLUVIUM 
TOPOGRAPHIC MAP OF GREAT SALT LAKE SHOWING ae 
THE DISTRIBUTION OF THE: COMMONEST TYPES OF SEDIMENTS 
SCALE COMPILED BY A.J. EAROLEY FROM MAPS BY 
STANSBURY, SOUTHERN PACIFIC R.R. CO, J J. 
LILLIE, S. G. MARGETTS, RE. VAN LIEW, 


LEON STANLEY, AND OTHERS. 


Fic. 2.—Topographic map of Great Salt Lake, showing distribution of commonest types of sediments. 
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Mountains. Although Antelope and Stansbury islands are often not 
surrounded by water, they are truly islands from a geological stand- 
point because they are masses of pre-Cambrian or Paleozoic bedrock 
surrounded by lake sediments of Pleistocene or Recent age. 

The few other islands present are of much smaller size and include 
Gunnison, Cub, Dolphin, Bird, and Egg islands, and Black Rock 
(Fig. 2). 

The lake is bounded on the east by the lofty Wasatch Mountains 
(Pl. 3a) and on the west by the Lakeside and Hog mountains (on 
some early maps the “Terrace Mountains’’) and the Great Salt Lake 
Desert. 

Antelope and Fremont islands and the part of the Wasatch Moun- 
tains immediately east consist of pre-Cambrian crystalline rocks, 
principally schists, gneisses, pegmatites, and granites. The other 
islands and ranges mentioned are composed of Paleozoic and Algon- 
kian(?) limestone, shale, sandstone, and quartzite. The waste products 
of these sedimentary rocks are fairly well mixed and form a group of 
clastic sediments lithologically distinct from those derived from the 
crystalline rocks. Their variations are given in detail in the discussion 
of the individual types of sediment. 

The only rivers flowing into the lake are the Bear, Weber, and 
Jordan rivers, which originate in the Wasatch and Uinta mountains 
and enter the shallow part of the lake east of Antelope and Fremont 
islands. There are no perennial streams entering any other section of 
the lake shore. A few smaller streams in the Farmington section of the 
Wasatch Mountains and one from the Stansbury Mountains have 
discharged in part into the lake but now their waters, except during 
floods, are appropriated for irrigation. Two artificial inflows should 
be mentioned, namely, the Surplus Canal and the Salt Lake City 
sewer outlet. These two measurable discharges, as well as features 
such as springs, sheet wash, and floods, are further considered under 
the heading, ‘“Hydrography of Great Salt Lake.” 

Figure 2 is an attempt to contour the lake bottom. Most of the 
data have been gathered from the work of others to whom reference 
is made on the map itself, but the writer has supplied a number of 
soundings in the deeper part of the lake. 

In traveling around the lake three general types of shore-line 
features are recognizable. There is the rugged shore-line topography 
whose truncated headlands or regular slopes rise fairly abruptly from 
the water’s edge, even with the lake level at the low 1934 stage. Such 
shore lines are found at Rozell Point, Black Rock, parts of the west 
shore of Antelope Island and the east shore of Stansbury Island and 
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PL. 2a.—Section of Jordan River delta with south end of Antelope Island in 
distance. Bluff line is distinct, as well as white odlite zone. Barren alkaliand salt flatsin 
delta area are about 1-3 feet lower than plant-covered areas. 

b.—Aerial view from point over Jordan River delta looking northwest, showing 
many distributaries. Fremont Island in distance. 
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PL. 3a.—Aerial view from over north end of Fremont Island looking eastward 
toward high Wasatch Mountains. Lake Bonneville delta with apex at mouth of Weber 
Canyon is conspicuous feature at base of mountains. White shore zone in middle fore- 
ground is glistening salt crust on exposed clay bottom. 

b.—Aerial view over Saltair looking north at Antelope Island. Odlite beach ex- 
tends from highway to slightly beyond water’s edge and northward along shore up 
west side of Antelope Island. Exposed lake bottom east of Antelope Island is clay. 
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elsewhere. In such places wave activity is strong, odlitic sand is plenti- 
ful, and such features as storm beaches, bars, and sand dunes land- 
ward of the storm beaches are common (Pls. 5 and 6b). 

A second type of shore line is that displayed at Farmington, 
Syracuse, Johnson’s Ranch, and elsewhere The lake is separated from 
the abruptly rising bedrock masses by a wide bolson slope of coales- 
cing alluvial fans or by a delta of old Lake Bonneville (Pl. 3a). The 
outer margin of the slope has such a low lakeward gradient as to 
appear almost a plane. It is composed chiefly of silt and fine silica 
sand, the latter in places drifting in low dunes. The plane is termi- 
nated lakeward by low “bluffs” ranging from 1 to 6 feet high. At the 
bottom of the “‘bluffs” the true lake bottom begins. The sediments 
beyond the “bluffs” are everywhere moist, if not completely saturated 
with lake brine, and if fine enough to draw much capillary water to 
the surface, a crust of glistening white salt forms. This crust is, at 
times, almost stout enough to bear the weight of a man walking on it, 
even though the underlying material be plastic almost to the degree 
of liquidity (Pl. 4b). Such a distinct difference exists between the 
material above the bluff line and that below that it is believed that 
the lake has not risen above this mark for a long time. All dominant 
shore-line features are at this level. Lakeward of the bluff line local 
currents in the shallow water have set up large ripple marks and ir- 
regular bars 3-12 inches in height (Pl. 3b). The bluff line (sometimes 
called the “meander line’) is shown on the map (Fig. 2), by the 
heavy dark line and has generally been used as the shore line in map- 
ping. 

The bluff line is not entirely distinct along certain parts of the 
lake shore where another or third type of shore line is developed. 
_ Where the lake waters are remote from bed rock the alluviated basin 

floor is extremely flat with an almost imperceptible lakeward slope, 
and the water table is very close to the surface. Halophilic plants have 
encroached over most of the very flat area and peculiar patterns have 
developed such as shown in Plate 2a. The Jordan River delta (Pl. 2b) 
is a good example of a very gently sloping shore. On such a gradual 
slope the lake margins have been so shallow during all the lake-level 
fluctuations that in most places no decided beaches or bluffs have 
formed. 

The bluff line approaches close to the Wasatch Mountains at 
Farmington on the south and at Perry and Willard on the north. In 
the intervening area it departs widely from the mountain front be- 
cause of the great Weber River delta that was built into Lake Bonne- 
ville chiefly at the Provo level. The upper beaches of the now exposed 
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delta are very sandy and are poorly suited to agriculture. The periph- 
eral part, however, constitutes one of the best fruit and truck- 
farming areas of the state. This is visible in the aerial photograph 
(Pl. 3a). 
HYDROGRAPHY OF GREAT SALT LAKE 
LAKE-LEVEL FLUCTUATIONS 


Like all lakes that have no surface outlet or well established chan- 
nels of underground discharge Great Salt Lake is subject to pro- 
nounced fluctuations in level and area. These oscillations are 
dependent on seasonal and yearly climatic variations unless affected 
by human agencies. Figure 3 is a chart showing the changes of lake 


| 


Fic. 3.—Lake-level fluctuations taken from U.S. Geol. Survey Water-Supply Paper 
517. Zero on Saltair gauge is 4,196.8 feet above sea-level. Salinity values taken from 
Sakai ity curve of Figure 4. Center line in each year column indicates July 1. 


level from the earliest authentic historical observations to the present. 
It is adapted from Plate 2, U. S. Geological Survey Water-Supply 
Paper 517, with data of recent years supplied through personal com- 
munication with the Salt Lake City office. T. C. Adams records that: 


Stage records have been constructed for the lake since 1851 and there is 
some fragmentary information for periods before this time. Accurate and re- 
liable records have been continuously kept and compiled by public agencies 
since 1902. (The United States Geological Survey and Weather Bureau in co- 
operation with the Saltair Beach Company and The Southern Pacific Railroad 
at Saltair and Midlake, respectively). A study of the stages since 1903 shows 
that the lake generally reaches its seasonal low about November 1, and its 
seasonal high about June 1, thus requiring about seven months lowering. 


5 T. C. Adams, “Some Hydrologic Features of Great Salt Lake,” The Utah Engi- 
neer, Vol. 6, No. 5 (1932), pp. I-5. 
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However, for any one year, either the high or low date can be displaced either 
later or earlier by a month or a month and a half. Within the period under 
consideration the greatest net rise (obtained by deducting the summer lower- 
ing from the winter rise) the lake has experienced was in 1907 and attained 
2.7 feet . . . The greatest net loss was in the year 1931, and was 1.9 feet. This 
was much greater than at any time during the last 30 years and is accounted 
for by the very low precipitation, the exceedingly low stream inflow, and the 
heat and high winds of the early summer months. 


RELATION TO CLIMATIC VARIATIONS 


The present climate of the region ranges from true Alpine condi- 
tions above timber line in the high Wasatch and Uinta mountains 
through semi-aridity at their west base to desert dryness on the west 
shores of Great Salt Lake. The precipitation along the eastern side of 


the lake ranges from 14 to 18 inches; on the western side it drops to, 


42 to 6 inches. Most of the lake’s water supply arrives between Feb- 
ruary and May, inclusive. 


TABLE I 
CoRRELATION OF INFLOW WITH SIzE oF GREAT SALT LAKE 
Combined 
4 Discharge Net Change 
Woy Precipitation | Weber River, | Unaccounted | in Storagein | Lake Level 
into Lake | Jordan River,| for Inflow Lake Dec. 31 
Bear River, Jan, 1-Dec. 31 ‘ 
Surplus Canal 
1918 2.01 0.38 —0.45 5.3 
1919 1.65 0.05 3-9 
1920 1.08 2.44 1.30 +1.12 4-3 
1921 1.04 3-34 0.47 +1.37 5-5 
1922 1.10 - 3-56 0.31 +1.16 6.4 
1923 1.09 3-24 0.40 +0.93 7-3 
1924 °.79 1.86 0.34 —o.81 6.5 
1925 1.20 1.93 1.02 +0.35 6.7 
1926 0.04 1.62 0.30 —0.94 5.6 
1927 1.07 2.08 0.07 —o.58 4-9 
1928 0.62 1.63 0.03 =1.47 3-8 
1929 0.86 0.62 —0.45 3-4 
1930 1.16 2.05 °.7¢ —0.55 
Average 0.97 2.18 0.46 —1.66 2.1 drop, 
1918-1930 1918-1930 


_Adapted from table, p. 5, T. C. Thomas, “Some Hydrologic Features of Great Salt Lake,” The Utah 
Engineer, Vol. 6, No. 5 (1932), p. 5. All figures are in millions of acre feet. 
Average discharge of Bear River at Corrine 1.56 million acre feet per year See U. S. Water- 
Average discharge of Weber River at Devil’s Slide 0.38 million acre feet per year Su ppl ¢ Papers 17 
Average discharge of Ogden River at Ogden City 0.15 million acre feet per year 7 A 5 
Average discharge of Jordan River at near Lehi _0. 30 million acre feet per year 5 


Adams has calculated an average annual evaporation of 3.3 feet 
from the lake’s surface.* The greatest part of this loss is between May 
and September. 


6 T. C. Adams, op. cit., p. 5. 
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The changes in level of the lake are closely correlated with the 
factors of inflow, precipitation, and evaporation. Their relationship is 
illustrated in Table I, the data for which are derived from a table 
prepared by Adams.’ In its preparation he found the following factors 
of significance. 

1. The amount of water that is evaporated each year depends 
upon the area and concentration of the water, both of which are de- 
termined by the level of the lake. For each foot of change in level 
within the normal range there is a change in area of about 23 per cent 
and a change in concentration of about 1 per cent. The rate of evapo- 
ration varies inversely as the concentration so that at average lake- 
level evaporation from the brine is one-fourth less than from a body 
of fresh water of similar area. Diminishing lake area and increasing 
concentration retard evaporation so effectively that the loss from the 
lake during years of lowest level (1905 and 1934) is approximately 
one-half that of years of highest level (1869 to 1875). The total annual 
loss of water from the lake averages 3.7 million acre-feet. 

2. Inflow into the lake is of two classes, namely, measured inflow 
and unmeasured inflow. Measured inflow is that of the Bear, Weber, 
and Jordan rivers and the Surplus Canal. “Unmeasured inflow” 
(“Unaccounted inflow” in Table I) may be of four classes: (1) deep 
percolation into the lake from perennial springs and general seepage 
over indefinite areas; this kind of inflow is unimportant; (2) seepage 
or underflow that follows underground channels which offer little 
resistance because of their high permeability or shortness, allowing 
the water to enter as ephemeral springs or through seep areas that 
would be dry much of the year if above the surface of the lake; this 
is also believed unimportant; (3) the general sheet of surface water 
that flows broadcast over the gently sloping riparian lands after 
periods of heavy precipitation or when the winter snow is melting 
in the spring; (4) normal streams of small size for which no discharge 
records are available.® 

3. The only way water leaves the lake is through evaporation. The 
imperviousness of the lake sediments, as the present study reveals, 
substantiates this premise. 


THERMAL CONDITION OF LAKE WATERS 


The thermal condition of the lake waters was investigated for 
the first time, as far as the writer knows, on September 5, 1934. The 
temperature gradient was observed three times in different deep 

7 Tbid., p. 5. 

5 T. C. Adams, op. cit., pp. 1-2. 
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parts of the lake with a Tycos maximum-minimum thermometer, 
Max Demorest making the readings. An upper zone about 6 feet 
thick was on this day 1°-2°C. warmer than the lower zone which 
remained constant in temperature from 6 feet to 30 feet. The data 
collected are given in Table II. The lack of thermal stratification of 
the lake waters is indicative of complete and constant circulation. 


TABLE II 


TEMPERATURE GRADIENT OF GREAT SALT LAKE WATERS 
(September 5, 1934) 


Depthin Station Ad* Station Ae Station Af 
Feet 12:45 P.M. 3:25 P.M. 6:10 P.M. 
° 26.5°C. a7.9°C. 26.8°C. 
3 26.3 27.0 26.5 
6 25.8 26.5 25.7 
12 25.5 25.8 
18 25.5 25.8 25.7 (Bottom) 
24 25.5 (Bottom) 25.8 (Bottom) 


* See Figure 2 for location of stations. 


Due to the shallowness of the lake (deepest parts 27-30 feet on 
September 5, 1934) surface drift, undertow, and wave activity keep 
the waters well mixed. 


CHEMISTRY OF GREAT SALT LAKE 
SALINITY 


The salinity of Great Salt Lake varies inversely as the lake volume. 
It has been found to range from 13.8 per cent in 1877 when the lake 
stood at 13.5 feet (Saltair gauge) to 27.6 per cent in 1935 when it 
stood at 2.0 feet below the zero mark. The waters become saturated 
for NaCl and Na2SO, at approximately zero elevation on the Saltair 
' gauge. This is shown in Figure 4. The saline content changes, there- 
fore, at the rate of about 1 per cent for each foot change in stage. The 
few salinity analyses available were plotted and the resultant curve 
(Fig. 4) is believed to be a fair approximation of the salinity variation 
of the lake, although one of the analyses departs widely from the 
curve and is probably somewhat in error. The curve is the basis of the 
annual salinity curve of Figure 3. It shows the salinity to increase 
rapidly as the lake falls below the 2-foot mark (Saltair gauge) until 
a level of zero gauge feet is attained whén the saturation point for 
NaCl and NazSO, is reached. As the lake falls below zero gauge eleva- 
tion the salinity increases very slightly due to the further concentra- 
tion of the mother liquors, that is MgCl, and KCl, while NaCl and 
Na2SO, precipitate out. 
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The total salt content in the lake has been estimated as slightly 
more than 6 billion tons.® 
COMPOSITION OF LAKE WATER 
Table III taken from Clarke’ shows in detail the composition of 
the lake waters. Although the salinity of the-lake ranges from 4 to ro 
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SALINITY IN% (GRAMS OF SALT PER 100 CC.) 

Fic. 4.—Salinity curve of Great Salt Lake. Values taken from Table III. Analysis 
E is apparently wrong and was not given weight in finding best representative curve. 
Salinity of saturation point for NaCl and Na2SO, was determined by K. A. Gorton, 
Department of Geology, University of Michigan. 
times that of the ocean its saline matter has nearly the same com- f 
position. The very low percentage of the carbonates, particularly of 
calcium, and the higher sodium and lower magnesium percentage are 
the only conspicuous variations from the oceanic standard. Clarke 
concludes that the “general similarity, the identity of type, is un- 
mistakable.””" 

®* T. C. Adams, op. cit., p. 5. 


10 F, W. Clarke, “Data of Geochemistry,” U. S. Geol. Survey Bull. 770 (1924), 
P. 157- 
Tbid., p. 176. 
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TABLE III 
ANALYSES OF WATER FROM GREAT SALT LAKE! 
A B c D E F G H 
| re 55-99 | 56.21 | 55.57 | 56.54] 55-69 | 55.25 | 55-11 | 55-48 
6.57 | 6.89 | 6.86] 5.97] 6.52] 6.73 | 6.66] 6.68 
Me ee 33-15 | 33-45 | 33-17 | 33-39 | 32-92 | 34.65 | 32.07 | 33-17 
1.60 | (?) 1.59] 1.08] 1.70| 2.64] 3.13] 1-66 
2.52] 3.18 | 2.60] 2.60] 2.10 | 2.96] 2.976 
Al,0s, 
100.00 |100.00 |100.00 |100.00 {100.00 |100.00 |100.00 |100.00 
Salinity, per cent} 14.994] 13.790) 15.671] 19.558|123.036| 27.72 | 22.99 | 20.349 


t More correctly, 250-355 grams per liter. 
1 Reproduced from Clarke’s “Data of Geochemistry,” U.S. Geol. Survey Bull. 770 (1924), Pp. 157- 


A. By O. D. Allen, Rept. U. S. Geol. Expl. goth Par., Vol. 2(1877), p. 433. Water collected in 1869. 
A trace of boric acid is also reported, in addition to the substances named in the table. Allen also gives 
analyses of a saline soil from a mud flat near Great Salt Lake. It contained 16.40 per cent of soluble matter 
much like that of the lake water. 

B. By Charles Smart. Cited in Resources and Attractions of the Territory of Utah (Omaha, 1879). 
Analysis made in 1877. 

C. By E. von Cochenhausen, for C. Ochsenius, Zeit. Deutsch. Geol. Gesell., Vol. 34 (1882), p. 359. Sam- 
ple collected by Ochsenius, April 16, 1879. Ochsenius also gives an analysis of the salt manufactured from 
the water of Great Salt Lake. : 

. By J. E. Talmage, Science, Vol. 14 (1889), p. 445. Collected in 1889. An analysis of a sample taken 
in ~ is also given. 
. By E. Waller, School of Mines Quar., Vol. 14 (1892), p. 57. A trace of boric acid is also reported. 

F. By W. Blum. Collected in 1904. Recalculated to roo per cent. Reported by Talmage in Scottish 

Gog. wee, Vol. 20 (1904), p. 424. An earlier paper by Talmage on the lake is in the same journal, Vol. 17 
1901), p. 617. 
Ff By W. C. Ebaugh and K. Williams, Chem. Zeitung, Vol. 32 (1908), p. 409. Collected in October, 


1907. 
H. By R. K. Bailey, in the laboratory of the U. S. Geological Survey. Sample collected by H. S. Gale, 
October 24, 1913. 


The writer believes that considerable of the saline matter of Great 
Salt Lake was leached first, from deposits of oceanic salt of Jurassic 
age which crop out extensively in Sanpete Valley within the Great 
' Salt Lake drainage area and second, from the soils derived in turn 
from the sedimentary, igneous, and metamorphic rocks of the drain- 
age area of the lake. It has long been recognized that waters percolat- 
ing through the soil partly separate the more diffusible alkaline 
chlorides from the less soluble calcium and magnesium salts so that 
the alkaline chlorides reach the lake reservoir in larger quantities. 
The relationship of Great Salt Lake as a “saline” type lake to the 
ocean is emphasized by Clarke when he discusses an opposite type, 
namely, the “alkaline” lake which is high in carbonates and repre- 
sentative of volcanic regions. The saline type is low in carbonates and 
is associated with sedimentary rocks. There are extensive outcrops 
of igneous rocks in the region, and although they are of minor im- 
portance when their areal distribution is compared to that of the 
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sedimentary rocks they probably have had some influence on the 
composition of the lake’s water.” 


COMPOSITION OF TRIBUTARY RIVER WATERS 


For the soluble contents of the waters tributary to Great Salt Lake 
several analyses are available (Table IV). All the rivers tributary to 
Great Salt Lake carry notable quantities of carbonates and are such 
as to be known as normal carbonate waters in contrast to the saline 
water of the lake itself. 


TABLE IV 
ANALYSES OF WATERS TRIBUTARY TO GREAT SALT LAKE! 
A B Cc D E F G 
2.68 | 32.36] 35.54] 34.76 | 23.21 | 13.73 
5.76 8.16 | 26.54] 30.68 2.87 5.65 9.25 
§2.68 | 21.53 2.67 | Trace] 52.57] 33.68| 40.00 
4-49 20-54 |} 26-13 |} 23-04 
23.69 | 10.12 7-59 | 10.26 | 24.19] 16.05 18.19 
6.86 4.76 1.53 1.26 7.15 5-94 6.27 
3.84 3.69 
tat 2.53 41 
nee 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 
Salinity, parts 
per million....| 185 637 892 1,090 243 444 455 


1 Reproduced from Clarke’s “Data of Geochemistry,” U.S. Geol. Survey Bull. 770 (r924), P. 158. The 
analyses are all reduced to standard form with bicarbonate radicals recalculated to normal CO; 


A. Bear River at Evanston, Wyoming. Analysis by F. W. Clarke, U. S. Geol. Survey Bull. 9 (1884) 
30. 

B. Bear River at Corinne, Utah, near its mouth. Analysis received from the Southern Pacific Railroad. 

aus 3 — River at intake of Utah and Salt Lake canal. Analysis by F. K. Cameron, U.S. Bur. Soils 
1900 

Jordan Awe near Salt Lake City. Analysis wai . K. Cameron, op. cit. 
E at Creek, Utah. Analysis by T. M. Chatar: U.S. Geol. Survey pa 9 (1884), p. 20. 
F. > en River at Ogden, Utah. 
G. Weber River at mouth of i. Analyses F and G made under the direction of F. K. Cameron, 
Field Operations Division Soils, U. S. Dept. Agri., r900, p. 226. 


CHEMICAL PRECIPITATES IN GREAT SALT LAKE 


Sequence of salt precipitation.—Many analyses of the various types 
of sediments of Great Salt Lake have been made (pp. 1343, -57, -84, and 
-87) and they all show a large CaCO; and MgCO; content. For some 
time past carbonate precipitation has been the outstanding chemical 
process. By September 5, 1934, when the lake level had fallen to 1.4 
feet below zero on the Saltair gauge, the lake bottom had become en- 
crusted with a layer of coarsely crystalline halite (NaCl) 1-6 inches 
in thickness. The individual hopper-shaped crystals, both square and 
rectangular, were }~-1} inches across. The water was milky white 
with exceedingly fine crystals of Glauber salt, or mirabilite 


# The significance of volcanic eruptive rocks in the Great Salt Lake Basin is con- 
sidered under the heading, ““Chemical Precipitates in Great Salt Lake.” 
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(Na2SO,4:10H20), which seemed to hang in suspension indefinitely. 
Where salt-water spray wetted a surface, crusts of mirabilite formed. 
These deposits remained moist because of the deliquescence of the 
salt. 

The growing halite crystals were free of mirabilite as shown by a 
BaCl, test for sulphate. In years past mirabilite has precipitated out 
during the winter months only to be re-dissolved when the water 
became warm in the spring and early summer. 

The sequence of salt precipitation in Great Salt Lake is similar to, 
but not identical with, the sequence generally ascribed to a body of 
marine water during its desiccation. Following the precipitation of the 
difficultly soluble carbonates of calcium and magnesium the slightly 
soluble anhydrite (sometimes gypsum) will be thrown down, to be 
succeeded by sodium chloride. Remaining in the last bitterns are the 
chlorides and sulphates of magnesium, potassium, and perhaps 
sodium, which are deposited as complex mineral compounds upon 
complete evaporation. In Great Salt Lake mirabilite precipitates with 
or after the carbonate but the common sulphate, anhydrite, does not 
form as might be expected. This is because of a deficiency of calcium 
ions in the lake waters. Considerable sodium carbonate and carbonic 
acid were discharged into the lake by streams draining areas of erup- 
tive rocks in the region,” and calcium, in solution as the chloride, 
probably was precipitated as the carbonate according to an equation 
such as the following. 


CaCh.+ Na2CO;3= CaCO3+2NaCl 


To predict the sequence of salt or mineral deposition during com- 
plete evaporation of Great Salt Lake would be a problem far from 
simple as the foregoing paragraphs suggest. A phase-rule study of 
the Great Salt Lake brine, such as was made by Teeple“ on the salts 
and brine of Searles Lake, would be necessary. Much of the critical 
data of Teeple’s report would undoubtedly apply to the conditions 
obtaining in the Great Salt Lake brines, but his data are not directly 
applicable to the Great Salt Lake. The problem is beyond the scope 
of the present report, but a beginning has been made by W. D. Bonner 
of the University of Utah. 

Calcium and magnesium carbonate precipitation.—As calcium and 
magnesium carbonates have been the chief permanent chemical de- 
posits on the lake bottom the mechanism of such precipitation is of 


13 F, W. Clarke, op. cit., p. 179. 


4 John E. Teeple, “The Industrial Development of Searles Lake Brines with 
Equilibrium Data,” Amer. Chem. Soc. Mon. Ser. 49 (1929). 


| 
} 
| 
| 
| 


1324 A. J. EARDLEY 


interest. The most important factors influencing CaCO; solubility 
and precipitation in the lake are: the amount of CO2, NaCl, and NazSO, 
in the water; evaporation; algae photosynthesis, and bacterial metab- 
olism. Other factors, either minor or local, include temperature 
changes, atmospheric pressure changes, under- and super-saturation, 
size of particles of the solid phase, crystal form of the solid phase, and 
the breaking down of the metastable bicarbonate molecule by wave 
agitation. 

As the concentration of CO, determines the amount of CaCO; 
that can be changed to the more soluble bicarbonate, Ca(HCOs3)2, 
the absorption or elimination of this gas may cause solution or pre- 
cipitation or CaCO 3. That CO; is less soluble in NaCl and Na,SO, 
solutions than in fresh water is well known and it would seem to 
follow that the normal carbonate stream waters entering the brine 
of Great Salt Lake would lose part of their CO2 content and the 
precipitation of CaCO; which had been held in solution as the bi- 


carbonate would result. 
TABLE V 


SoLuBILITy OF CARBON DioxIDE IN WATER, SoprtuM CHLORIDE SOLUTION, AND 
Various CONCENTRATIONS OF GREAT SALT LAKE WATER, AT 0° AND 25°C. 


Lak Coefficient of Absorption 
€ | Salinity 
Level (Grams per | Density Great Salt Lake Water Pure NaCl Solution 
100 Cc.) 
Feet oC. 25°C. oc. | 25°C. 
15 15.13 1.104 | 0.887+.005 | 0.418+ .005 


6.2 23.98 1.159 | 0.614+.005 | 0.338.005 | 0.678 0.352 


—1.2 1.224 | 0.440+.01 | 0.263+.01 


27.6 
(Saturated) 
Distilled water 1.713 ©.759 


The coefficient of absorption figures are unit volumes of gas absorbed in a unit volume of solution. 
The figures for the NaC! solution are those for a 3.44 normal solution which corresponds in gram equivalents 
of Na to Great Lake water of 23.98 per cent calatty. HO and NaC! solution data taken from Chr. Bohr, 
“Definition and Methode zur Bestimmung der Invasions- und Evasionscoefficienten bei der Auflésung von 
Gasen in Flissigkeiten,” Annalen der Physik und Chemie, Neue Folge, Vol. 68 (1899), p. 500. Great Salt 
Lake analyses by K. A. Gorton, University of Michigan. The pH of Great Salt Lake water ranges from 7.4, 
when saturated with NaC/ and Na2SQ,, to 8.48, when diluted with 6 to 7 parts of water (manuscript by 
W. D. Bonner, University of Utah, 1937). 


Table V shows the solubility of C02 in various solutions to be 
affected as strongly by a 25°C. change in temperature as by doubling 
the salinity. It indicates that pure water can absorb four times as 
much CO, as can the Great Salt Lake brine when saturated with 
NaCl and Na,SO,." It indicates also that the brine is less absorbent 


4% W. D. Bonner has found that the actual amount of CO, dissolved in the lake 
water (the salinity is not given) is about half as much as pure water would dissolve. 
Manuscript, University of Utah (December, 1937). 
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than a gram-molar solution of pure NaCl. The reaction for either 
calcium or magnesium might be written as follows. 


CO; (in air) 


(in water) 


Ca(HCO3)2 CaCO;+H2CO3 (1) 
(solid) I 
CaCO; H*++HCO;- (2) 
(in solution) | 
Cat*++CO;—- Ht+C0;-- (3) . 


With the removal of CO, from the solution, some of the H2CO; 
would necessarily break up into HO and CO; to supply the deficiency 
of CO, thus created. In turn, some of the ions of stage (2) would unite 
to form molecular H2CO;. To supply the HCO;~ ions taken from stage 
(2), the ions of stage (3) would unite, thus removing CO;— ions from 
the solution. Inasmuch as these CO;— ions are attracted as much by 
the Ca** ions as the H* ions, some of the ionized CaCO; will revert 
to the molecular condition and hence into the solid state as a pre- 
cipitate. 

The strong solution of electrolytes of the lake water should cut 
down the CO; content of the river waters entering the lake and CaCO; 
should be precipitated unless the salts in solution in the brine offset 
this Joss by increasing the solubility of CaCO;. The same principle 
would apply to MgCO; precipitation. 

The solubility of CaCO; in solutions of NaCl and Na2SO, agitated 
in laboratory air should give results applicable to the brine of Great 
Salt Lake. In Table VI data from the work of Pia’ reveal an unex- 
pected increase of CaCO; solubility with increasing salinity—the 
opposite effect of that anticipated from the CO, absorption experi- 
ment. With increasing salinity the solubility of CO, decreases but the 
“salting-out”’ effect of the brine for the CO, from the bicarbonate river 
waters is of incidental importance. This observation is discussed in 
some detail by Pia’? to whom the reader is referred for further in- 
formation. 

On the other hand Revelle, of the Scripps Institution of Oceanog- 


16 Julius Pia, “Die Binnengewisser,” Kohlensdure und Kalk, Band 13 (1933), p. 70, 
Table 28. E. Schw. Verlagsbuchhandlung, Stuttgart. 


17 Tbid., pp. 81-91. 
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raphy,’ finds that the most important factor controlling the solubility 
of CaCO; in sea water is the CO, content of the water. Temperature 
and salinity are less important factors. Revelle did not deal with the 
great salinity concentrations found in Great Salt Lake and the 
salinity changes in the ocean evidently do not assume the controlling 
rank that they do in Great Salt Lake. 

The rivers are the perennial contributors of CaCO; to the lake and 
the problem of the reaction of their waters with those of the lake has 
already been suggested: is the CaCO; precipitated during the season 
of maximum river discharge—February to May—or does the pre- 
cipitation lag until the season of maximum evaporation—June to 
November? 

The calcium and magnesium carbonate content of the measured 
and analyzed discharge into Great Salt Lake is shown in Table IV. 
The paucity of analyses in general, the variability of the Jordan River 
analyses, and the effect of irrigation in changing the salt and carbonate 
content of the rivers since the region has been settled and farmed, 
render the average figure, 173 parts of CaCO; per million, only an ap- 
proximation. This figure was derived by properly weighting the 
volume discharge of each stream represented by chemical analysis. 
It is believed to vary less than 50 per cent from the amount that 
existed in the stream waters for 2,000 or 3,000 years prior to human 
occupation. 

Frear and Johnston"® conclude that in pure water under a normal 
CO, partial pressure of 0.00032 atmosphere (amount in air) 53 parts 
per million of CaCO; may be dissolved. Before the streams reach the 
lake in flowing over the “‘alkali flats’”’ they pick up considerable salt 
(Table IV) thus increasing the solubility of CaCO;. Some CO, might 
also have been introduced by decaying organic matter. The increased 
ability to dissolve CaCO; is shown by the figure, 173 parts per million, 
which is more than three times as much as 53. The average “fresh- 
water” stream discharge must be nearly saturated with CaCO. 

The waters of Great Salt Lake with a salinity of 20.35 per cent 
contain approximately 305 parts per million of CaCO; (see sample H, 
Table III, temperature not given) with which they must be saturated 
as they are everywhere in contact with the solid phase on the lake 
bottom which has been precipitating out profusely for some time 
past. 
It will then be assumed that the tributary streams and the lake 

Carbonate in Sea Wet,” Sour, Sed. 

1° Frear and Johnston, cited by Julius Pia, op. cit., p. 70, Table 28. 
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are both saturated with CaCO; under the same atmospheric pressure 
and at the same temperature. Great Salt Lake is much more saline 
than the fresh-water streams and, therefore, holds about 305 parts 
per million of CaCO; to the latter’s 173. When the two solutions are 
mixed the resultant solution contains amounts of the various salts 
in direct proportion to the percentage of each solution used. However, 
the solubility of CaCO; is not necessarily directly proportional to the 
amount of dilution or concentration that occurs. If two curves are 
constructed from Table VI showing the solubility of CaCO; as the 


TABLE VI 


oF CAaLcrum CARBONATE IN SopIUM CHLORIDE AND 
Soprum SULPHATE SOLUTIONS 


NaCl in 1 L. CaCO; in 1 L. Na2SO, in 1 L. CaCO; in 1 L. 
Solution Solution Solution Solution 
Grams Mg. Grams Mg. 
©.000 64.6* 0.000 $7.2" 
9-720 109.3 2.800 91.9 
21.010 126.7 5-235 106.7 
30.301 132.9 11.730 143.8 
50.620 139.1 36.860 200.0 
69.370 136.7 74.010 244.5 
98.400 134.2 116.100 282.5 
147.400 391.7 184.200 347.6 
234.500 96.9 213.700 364.9 
262.300 75.8 255-900 410.5 


The solutions are in equilibrium with laboratory air, the NaC/ solution at 25°C. and the Na2SO, at 
24°C. After Cameron and Seidell, a. Data taken from Pia’s compilations, p. 84, op. cit. 


* The difference in these two figures is a result of variable determinations of the saturation point which 


is difficult to establish principally because of supersaturation. 


concentration of NaCl and NazSO, increases and from these a third 
curve is drawn giving NaCl 9 points weight and 1 point weight to 
Na2SO, (the approximate ratio in Great Salt Lake), the solubility of 


CaCO; in a solution having the approximate composition of Great 


Salt Lake waters at various concentrations will be obtained. This 
curve, if not entirely accurate, must approximate one obtained by 
direct laboratory determination of the CaCO; solubility in Great 
Salt Lake water. The curve is conspicuously convex in the direction 
of increasing CaCO; solubility (Fig. 5). This indicates that the mixing 
of the two solutions results in less CaCO; present at any concentration 
than is soluble, and that no precipitation occurs as the rivers dis- 
charge into the lake. ; 

When through evaporation the lake level returns each year to the 
position it held before the spring discharge of the river waters, an 
excess CaCO; content results and must eventually be precipitated. 
As evaporation reaches a maximum between June and November the 
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greatest deposition occurs during this time. The absence of localized 
calcium carbonate deposition in the eastern part of the lake around 
the river mouths and the somewhat uniform distribution over the 
entire western part appear to substantiate this view of carbonate 
precipitation during the season of greatest evaporation. Time for 
circulation and mixing of the lake waters after the spring run-off is 
thus provided. 


parts 
t per million 

2 
> 
= 
| 
173 
0% 


SOLUBILITY OF CaCO;——> 
mg CaCO; in 1L solution 


Fic. 5.—Curves showing amount of CaCO; present and solubility of CaCO; as river 
waters become mixed with lake brines. 


The algae” living in the lake have built extensive deposits of lime 
rock (see p. 1379). The physiological process of photosynthesis causes 
the extraction of CO, from the water around the algae, thus decreasing 
the solubility of CaCO; and resulting in its subsequent precipitation. 
The subject is treated at length on pages 1376-84. The wide areal dis- 
tribution of the deposits (Fig. 2) indicates the importance of the 
process. 

The lake water even at its highest salinity supports a rich in- 
digenous bacterial flora, according to C. E. ZoBell* and it is possible 
that the bacteria play an important réle in carbonate precipitation, 
and may also have contributed to the algal deposits. Quoting from 
ZoBell’s communication, 

20 Seville Flowers, ‘‘Vegetation of the Great Salt Lake Region,” Bot. Gaz., Vol. 95 
(1934), PP- 353-419. 

#1 Personal communication, Scripps Institution of Oceanography. 


| 
| 
| 
i 
7 


SEDIMENTS OF GREAT SALT LAKE, UTAH 1329 


. .. the bacterial flora in the presence of organic matter has a tendency to in- 
crease the alkalinity by the production of ammonia. Most of the bacteria are 
periphytes which grow only when attached to some solid surface. This char- 
acteristic has a tendency to localize their activities in a relatively small focus 
so they could appreciably change the pH of the medium in their immediate 
vicinity without perceptibly altering the reaction of the surrounding medium. 
Our laboratory experiments conclusively demonstrate that the bacteria of the 
lake can change the reaction sufficiently to precipitate carbonates but we have 
no field observations to prove that they do. 


Rate of carbonate deposition—tThe rate of CaCO; precipitation 
may be computed when the two factors of annual inflow and lake- 
bottom area covered by the lime deposits are known. These are as 
follows. 

The average annual discharge of water is 3,610,000 acre-feet 
(Table I). The average CaCO; content of the discharge is 173 parts 
per million (p. 1326). The area of the lake bottom at the zero stage 
(Saltair) is 1,024,000 acres. 


Therefore: 


Volume in acre-feet X weight in lbs. X per cent CaCO; 
=amount deposited annually. 


Substituting figures: 
3,610,000 X (62.3 X 43,560) X .000173 = 14,371,088,g900 lbs. CaCO3. 
Also: 


Annual discharge in lbs. 
Area of lake in sq. ft. 


=lbs. per sq. ft. of carbonate deposited 
annually. 


Substituting figures: 
14,371,088,900 
1,024,000 X 43,560 


= .038 Ib. per sq. ft. 


The chemical precipitates in the lake (pp. 1356-59) that form part 
of the plastic clays are complex and consist probably of three crystal- 
line compounds, CaCO;3, 2MgCO3-CaCO;3, and 2MgO-3Si02:4H20. 
Hence, all of the Ca and CO; does not precipitate as CaCO3. When 
the “‘rate of CaCO; precipitation” is computed, therefore, it is not the 
rate of true CaCO; (aragonite), or the rate of total carbonate (arago- 
nite plus dolomite), but it is a useful figure with which to compute the 
rate of total clay accumulation (p. 1410). 

The greater the compaction of the carbonate precipitate the 
thinner the annual accumulatien will be. This ratio has been com- 
puted in inches and is shown in Table VII. 
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TABLE VII 
RATE OF SEDIMENTATION IN GREAT SALT LAKE 


Increment of CaCO; | Increment of Total 
Deposition Per Sediment Deposition 


Per Cent| Moisture | Gr. | Sp. Gr. 10,000 Years Per 10,000 Years 
Per Cent 

Porosity : Dry Wet 

by Weight Centi- Centi- 

Feet | Inches} meters | Feet | Inches) meters 

5 1.9 2.56 2.61 2 4.6| 72.6 6| 3.8] 191.0 

20 8.5 2.16 2.36 2 9.9] 86.1 7| 2.0] 226.6 

50 27.0 1.35 1.85 4 6.2 | 137.7] 11 | 10.7 | 362.4 

65 41.0 0.95 1.6 6 5.2 | 194.7 16 | 10.8 | 512.4 


The figures are for the lake as a whole. All types of sediments were me the on the basis of their areal 
distribution: clays, 70 per cent; odlites, 20 per cent; bioherms, ro per cent. The average CaCO; content on 
this basis is about 38 SS cent. For different degrees of compaction the increment of accumulation per 
10,000 years ranges as 


LIFE IN GREAT SALT LAKE 


The intense salinity of Great Salt Lake is not favorable to the 
existence of the ordinary aquatic forms of life, and adaptations to the 
brine are evidently rare. Most of those few forms of life, however, that 
have accustomed themselves to the lake waters are very abundant. 

Among the macroscopic forms of greatest significance to the sedi- 
ments are the abundant brine shrimp, Artemia gracilis, and the blue- 
green alga, Aphanothece packardii. At times the brine shrimps 
“congregate in such numbers as to tint the water over wide areas. 
They are found in the lake at all seasons but are most numerous be- 
tween May and October.’” The eggs of the brine shrimp were 
numerous during the summer of 1934 when high salt concentrations 
prevailed. The algae are exceedingly abundant as attested by the 
extent of the bioherms which they build (Fig. 2). They are not only 
attached to the calcareous deposits but many break loose and drift 
before the wind in long, irregular streams on the lake surface. These 
commonly accumulate along the shore and in decaying contribute to 
the characteristic fetid odor of the lake-shore facies. During certain 
years the puparia of the fly Ephydra have been known to drift upon 
the shore in long windrows and countless swarms of the adult flies 
have often been seen resting on the surface of the water or flying up 
at will. They drop their eggs freely in the water.” 

Up to the time of the present study investigators have reported 
9 or ro species of animals and nearly a hundred species of plants in 
the lake. Of the animals, 1 is a crustacean, 3 are flies, 5 or 6 are proto- 


. E. Talmage, The Great Salt Lake, Past and Present (1900), p. 68. Published 
le sold by Deseret Book Store, Salt Lake City. 


23 C, J. Vorhies, ““Notes on the Fauna of Great Salt Lake,” Amer. Naturalist, Vol. 
51 (1917), p. 496. 
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zoans. Of the plants that have been listed 13 species are algae, 12 
are bacteria, and 62 are diatoms. It is extremely doubtful that all the 
species identified live and reproduce in the brine because certain 
forms are tolerant of the lake water and others are fresh-water species 
that have been carried into it and preserved. For instance, 24 genera 
and 62 species of diatoms were identified by Ruth Patrick™ of Temple 
University from lake-bottom samples of clay collected by the writer 
and she finds that none of these is established in the brine itself but 
lives and reproduces in springs, creeks, and marshes tributary to the 
lake. Kirkpatrick® has suggested that the final way of determining 
the species that normally inhabit the lake water is by growing them 
in cultures during a period of time, long enough to eliminate any 
forms that may have come from extraneous sources. She cultured the 


lake algae during a prolonged period and could only be sure that 5. 


colonial forms of blue-green algae were present in contrast to 13 
previously described. 

ZoBell and Smith” attacked the problem of the bacteria in the 
lake in much the same way and found that, although some were 
halophyllic tolerant contaminants, a rich bacterial flora was truly 
indigenous. Daines”’ as early as 1917 declared there was a rich bac- 
terial flora in the bottom clays. ZoBell’s counts show the bacteria to 
range from less than ten to a few hundred per cubic centimeter of 
lake water and from a few hundred to several hundred thousand 
viable bacteria per wet gram of lake-bottom clay. . 

A list of the species from Great Salt Lake as described by various 
authors is as follows, most of the information having been compiled 
from Kirkpatrick’s thesis. 


1869. Artemia fertilis (or gracilis) Verril. A. E. Verril, Twelfth Annual Rept., 
a ~~ Geog. Survey of the Territories of Wyoming and Idaho, Part 1 aH 


* 1871. Fiphodra gracilis Packard. A. S. Packard, Jr., “On Insects Inhabiting Salt Wa- 
ter,” Amer. Jour. Sci., Vol. 1 (1871), pp. 100-10. 
1879. Polycystis packardii, Ulva marginata ag., and Rhizoclonium salinum Ktz. A de- 
scription of a blue-green alga, Polycystis packardii. A. S. Packard, Jr., ““The Sea- 
Weeds of Great Salt Lake,” Amer. Nat., Vol. 13 (1879), pp. 701-03. Description 
by W. G. Farlow. 


*4 Ruth Patrick, ‘Some Diatoms of Great Salt Lake,” Bull. Torrey Bot. Club, Vol. 
63 (1936), Pp. 157-66. 


% Ruth Kirkpatrick, The Life of Great Salt Lake with Special Reference to the Algae. 
Thesis submitted to the University of Utah, May, 1934. 


26 C. E. ZoBell, D. Q. Anderson, and W. W. Smith, “The Bacteriostatic and Bacteri- 
cidal Action of Great Salt Lake Water,” Jour. Bacteriology, Vol. 33, No. 3 (1937), pp- 
253-62. 

27L. L. Daines,* “On the Flora of Great Salt Lake,” Amer. Naturalist, Vol. 51 
(1917), Pp. 499-506. 

(* Incorrectly printed as Daniels.) 


4 
reg 
| 
| 
| 
| 
tay 
= 
| 


1332 A. J. EARDLEY 


1891. Ephydra gracilis. E. A. Schwarz, “Preliminary Remarks on the Insect Fauna 
of Great Salt Lake,” Can. Ent., Vol. 23 (1891), pp. 235-41. 

1892. Gloeothece and Glococystis. “On the Formation of Odlite,” Bot. 
Centrbl., Vol. 51 (1892), pp. 2 

1892. Gloeocapsa and Gloeothece. Iden “On the Formation of Odlite,” Amer. Geol., 
Vol. 10 (1892), pp. 279-82. 

1898. A phanothece utahensis, Polycystis packardii, Dichothrix utahensis, Enteromorpha 
marginata, Enteromor pha tubulosa, Chara contraria. Josephine Tilden, “American 
Algae,” Cent. ITT, No. 298 (1808). 

1912. Ephydra hians Say. J. M. Aldrich, “The Biology of Some Western Species of the 
Dipteron Genus Ephydra,” Jour. New York Ent. Soc., Vol. 20 (1912), pp. 77-99. 

1917. Chlamydomonas sp..A phanothece packardii, also two diatoms probably genera 
Navicula and Cymbella. L. L. Daines, “Notes on the Flora of Great Salt Lake,” 
Amer. Nat., Vol. 51 (1917), Pp. 499 

1917. Artemia gracilis, the larvae of Ephydra gracilis, amoeba of two or three varieties 
(most common similar to Amoeba limax), specimens of Ciliata (some closely re- 
sembling a species of Uroleptus), and a species of Euglena (seen once). Charles J: 
—— ‘Notes on the Fauna of Great Salt Lake,” Amer. Nat., Vol. 51 (1917 


P. 494. 

1918. Artemia gracilis. Albert C. Jensen, ‘‘Some Observations on Arlemia gracilis, the 
Brine Shrimp of Great Salt Lake,” Biol. Bull., Vol. 34, No. 1 (1918), pp. 18-25. 

1919. Uroleptus packii, Prorodon utahensis. “Two Ciliata of Great Salt Lake,” Biol. 
Bull., Vol. 36 (1919), p. 273. 

1924. Eleven bacilli and one coccus. Elfreda Frederick, The Bacterial Flora of Great 
Salt Lake. Thesis submitted to the University of Utah (May, 1924) 65 pp. 

1926. Three species of Ephydra larvae and pupae in their cases, one of the Corixidae, 
and Artemia gracilis. W. C. Allee, «Some Interesting oe Communities of 
Northern Utah,” Scientific M: onthly, Vol. 23 (1926), pp. 481-9 

1934. A phanothece utahensis Tilden, Microcystis packardii Farlow (Tilden), Oscillatoria 
lenuis var. togestina (Keutz) Rab., Oscillatoria tenuis var. natans (Keutz) Rab., 
Chlamydomonas sp., Tetraspora lubrica var. lacunosa Chauv. Seville Flowers, 
“Vegetation of the Great Salt Lake Region,” Bot. Gaz., Vol. 95, No. 3 (1934), 
PP. 353-418. 


1936. 24 genera and 62 species of diatoms from lake bottom samples. Ruth Patrick, 
Pao -j Diatoms of Great Salt Lake,” Bull. Torrey Bot. Club, Vol. 63 (1936), pp. 
57 

From the foregoing list of species it is evident that the same form 
has often been observed by different authors and that different names 
have probably been given to the same species. This is true in particu- 
lar of the algae. Kirkpatrick believes that 5 species of blue-green 
algae are present, all belonging to the genus A phanothece. These have 
been variously assigned to Microcystis, Polycystis, and A phanothece. 
Since the blue-green algae are very important as bioherm**® builders in 
Great Salt Lake, samples of the algae from the extensive algal de- 
posits were collected by the writer and submitted to W. R. Taylor 
of the University of Michigan, who in turn sent them to Francis 
Drouet of the University of Missouri for identification. Drouet’s 
determinations are as follows. 

East shore of Bird Island. Only A phanothece Packardii (Farl.) Setch. were 
found to be present. A few more elongated cells might be referred to Gloeothece 
but these are so very few with intermediate conditions between this and the 
A phanothece that it looks rather plausible that the cells are actually anomalous 


28 A term used to denote a calcareous deposit due to colonies of organisms. See 
Twenhofel, Treatise on Sedimentation (1932), p. 296. 
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forms of the A phanothece. This entire material matches up so perfectly with 
Tilden’s collections from Garfield Beach (locality L) that it is undoubtedly 
correct to assume the Bird Island algae to be A. Packardii. Miss Tilden col- 
‘lected Farlow’s Polycystis Packardii and her type of A. utahensis both at the 
same place. I have examined her material of both and feel that Setchell is 
quite correct in considering the two synonymous. 

Northeast shore of Stansbury Island (locality Ac). Same as above, east 
shore of Bird Island. 

Northeast shore of Stansbury Island (locality Ac). These specimens differ 
from the common irregular and nodose deposits in having lamellar structure 
(description will be found in section of paper on algal deposits). I am sure that 
this is a Pleurocapsa, and nothing else seems to be present except some of the 
Aphanothece Packardii. Whether the form is actually new or not I have not 
been able to tell. It seems pretty close to Pleurocapsa entophysaloides Setch. 
and Gard., though the cells are somewhat smaller than in the typical material 
which I have not yet seen. I feel, however, that if it does not belong to this 
species it has not yet been described. For the time being it should be referred 
to as a form of Pleurocapsa entophysaloides. 

Plankton in foam off Carrington Island (locality Aa). I find no blue-greens 
at all in this material. There are quite a few flagellates of some sort, either 
Trachelomonas or Peridinium or both, and some filamentous fungi. Many 
brine shrimp eggs are present. 


Bottom samples of the clays from 24 localities were submitted to 
Ruth Patrick®® of Temple University for diatom study. A arene d 
of her findings is as follows. 


I. 24 genera and 62 species were identified. 

2. Diatoms are found in the bottom sediments chiefly in the Bear River Bay and 
Rozell Point regions. The Jordan River delta was not sampled but the conditions there 
are about the same as in and around Bear River Bay, thus implying the existence of 
diatoms in the Jordan delta region also. 

3. The diatoms are all fresh- or brackish-water species except those at locality A 
where some questionable marine forms were found. It is thus concluded that they have 
not established themselves in the lake. 

4. The distribution is accounted for by 

a. The existence of extensive fresh to brackish water sloughs in the Bear River 
Bay region where the diatoms live and multiply, with great numbers of 
wild aquatic fowl to distribute them 

b The probable existence in the very recent past of fresh and brackish swamps 
in the Rozell Point region 

c. The distributing power of the wind in carrying diatoms to random places in 
the lake. About 45 per cent of the material constituting the deep lake-bottom 
clays, as is shown on a subsequent page, is of wind-blown origin. Dust 
which commonly contains diatoms falls in Salt Lake City 

d. Creeks and rivers carry some fresh-water diatoms into the lake 

Diatoms taken at 20 feet below the surface clays are chiefly fresh-water species, 

a fact which corresponds with the past fresh-water history and desiccation of the lake. 


THE SEDIMENTS 


The sediments of Great Salt Lake may be divided into three 
major varieties which are quite distinct and suitable for mapping. 


2° Ruth Patrick, op. cit., pp. 157-66. 


] 

a 

is 

; 


1334 A. J. EARDLEY 


They are the clays, the odlites, and the algal ‘‘bioherms.’”° All three 
are believed to have been derived from the same source materials 
but through varying mechanical influences or the activity of the 
plants or animals in the lake have acquired different physical char- 
acteristics and quantitatively different chemical compositions. Other 
kinds of sediments border the lake, such as alluvial fans and Lake 
Bonneville delta sands and bottom clays, but the present study has 
been purposely limited to the subaqueous deposits below the upper 
limit of the lake’s recent fluctuations. 


CLAYS 
DISTRIBUTION 

Fine-grained, plastic sediments, for the most part classified as 
clays according to the U. S. Bureau of Soils standard, are widely 
distributed on the lake bottom. Figure 2 shows the approximate ex- 
tent of the clays as well as the other types of sediments. The western 
part of the lake contains clay or clay loam covering the entire bottom 
below a depth of about 12 feet (lake level, August, 1933). In embay- 
ments protected from wave action, commonly in water shallower than 
12 feet, clay to sandy clay loam exists which is difficult to distinguish 
megascopically from that of the deeper lake areas. Examples of such 
occurrences are the shore east of Rozell Point, the area around the 
southern end of Stansbury Island, and most of the shallower eastern 
part of the lake. 

MEGASCOPIC DESCRIPTION 

The clays range in color from black to light tan with shades of 
gray predominating. All the clays collected were plastic, some very 
sticky, smooth between the fingers, and easily deformed; others 
fairly firm and less sticky. It was found possible to thrust by hand a 
Musselman marl sampler down through 20 feet of the clay at Rozell 
Point and if a hard object had not been encountered a greater depth 
could have been obtained. In the building of the Lucin Cut-Off the 
deepest part of the lake was traversed with a trestle constructed by 
driving piles into the soft clay. According to maintenance engineer 
Weeks, of the Southern Pacific Railroad at Ogden, Utah, the outer 


3° The term “‘bioherm” has been appropriately introduced into geologic literature 
by Cumings and Shrock to signify any calcareous deposit due to colonies of organisms. 
See William H. Twenhofel, Treatise on Sedimentation, 2d ed. (1932), p. 296. 


%t The classification of the U. S. Bureau of Soils is preferred by the writer because 
it shows in the name describing the sample the size distribution, whereas Wentworth’s 
scale indicates only the average size. See the following references. 

H. H. Bennett and R. O. E. Davis, ‘Classification of Soils on the Basis of Mechan- 
ical Analysis,” U.S. Dept. Agric. Circ. 419 (1927). 

Chester K. Wentworth, “A Scale of Grade and Class Terms for Clastic Sediments,” 
Jour. Geol., Vol. 30 (1922), PP. 377-92. 
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piles were driven down through 112 feet of clay and were still going 
at the rate of r inch to the blow when driving was discontinued. 
Even at the present, that part of the cut-off at Rambo is sinking at 
the rate of 2 inches per year. A still more notable example of the ex- 
treme plasticity of some of the clays is that of the building of the 
Bear River trestle, east of Promontory Point. Large blocks of stone 
unloaded from the quarry at Promontory Point settied into the clay 
bottom and disappeared out of sight. So much rock was dumped in 
before a surface above water could be maintained that, according to 
Weeks, if the rock had remained as a wall the width of the cut-off 
at the surface and did not disperse laterally as it sank, it would repre- 
sent a dike 776 feet in depth. The clay of lighter density than the rock 
rose on either side of the fill to such a height that a passing train could 
not be seen from a boat on the lake. In the central part of the lake 


this highly plastic clay must have accumulated uninterrupted to a’ 


thickness of, at least, several hundred feet. A collector can not but 
be impressed with the property of sticky plasticity in most of the 
lake clays. 

MECHANICAL ANALYSIS 


Ten samples from widely separated but representative localities 
were mechanically separated into various fractions by M. W. Sens- 
tius, of the University of Michigan, and the writer, following the 
method of the U. S. Bureau of Soils. The results are contained in 
Table VIII. Because of a high percentage of chemically precipitated 
calcium and magnesium carbonate which is not part of the clastic 
content, it was found necessary to dissolve out the carbonate before 
making the analyses.® In all the determinations the contents smaller 
than 0.005 millimeter in diameter are considerable and the samples 
are accordingly described as clay, clay loam, or sandy clay loam. 
- Certain near-shore samples such as M and Ai contain much sand and 
silt, a fact that was anticipated because of the nearness of Stansbury 
Island and Antelope Island, respectively, from which much clastic 
material must have been washed. Sample O is made up mostly of 
fine sand which comes probably from small shifting dunes along the 
west shore in that vicinity. However, it is not everywhere true that 
the near-shore sediments are coarser than the deep lake sediments. 
Samples Y, Z, and Aa, collected from the lake bottom at points 
farthest removed from shore, show less clay than a sample collected 
near shore at Rozell Point. This apparent anomaly is discussed on 
a subsequent page. 


82 About 5 per cent of the total sample is wind- or water-transported grains of cal- 
cite, which is removed by acid treatment. See Table IX. 
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PETROGRAPHIC ANALYSIS 


The sand fractions of the mechanical analyses were separated into 
heavy and light parts by bromoform of 2.7 specific gravity. Perma- 
nent slides of the heavy and light divisions were made and submitted 
to W. H. Hunt of the University of Michigan who has very kindly 
identified the minerals shown in Table [X. Altogether 30 minerals 
were recognized, and in addition, grains of felsite, schist, slate, shale, 
odlites, faecal pellets, and eggs of the brine shrimp, diatoms, and 
small masses of organic matter(?). As many as 23 minerals were found 
in one sample from locality O near Johnson’s Ranch on the west side 
of the lake. The more durable detrital minerals had here already 
suffered concentration in sand dunes and when further concentrated 
by heavy liquids, a rich assortment of minerals appeared in the 
heavy mineral fraction. A greater variety of minerals was anticipated 
from the sediments around Antelope Island than anywhere else 
because of the various crystalline pre-Cambrian rocks that constitute 
the island. Twenty-five minerals were recognized from the sediments 
around the island but only seventeen in any one sample (T). 

The clay and silt fractions of some of the typical plastic sediments 
were submitted to Albert B. Peck of the Department of Mineralogy, 
University of Michigan, who recognized a number of minerals in 
spite of the fine subdivision. The carbonate minerals he found are of 
two kinds, aragonite, and a dolomite having an index of 1.685. Such 
an index implies a ratio of Mg to Ca of about 2:1. Some of the very 
small carbonate grains in these clay fractions may have an index 
closer to 1.690 than 1.685 but the range of variation is small if 
present at all. No magnesite was found. Aragonite and dolomite were 
looked for in the sand fractions but were not found. Apparently the 
mechanical analysis had separated the coarser, clastic, calcite grains 
from the finer, chemically precipitated aragonite and dolomite 
crystals. Besides the two carbonate minerals, a whitish yellow con- 
stituent with index of about 1.52 to 1.53 was noted. This, if a single 
mineral, may be one of the group of bentonite minerals such as 
montmorillonite. The presence of a hydrous magnesium silicate, 
parasepiolite, as a part of, or in addition to, the whitish yellow con- 
stituent was suspected as a result of Rubey and Callaghan’s work* 
on the magnesite deposits of the Boulder Dam region. Parasepiolite 
has an index within the range of variation of the index of montmoril- 
lonite; hence, it presents a difficult problem petrographically with 
these clays. The constitution of the fine clay fraction may be in- 


33 Eugene Callaghan and W. W. Rubey, “Mineral Resources of the Region around 
Boulder Dam,” U. S. Geol. Survey Bull. 871 (1936), pp. 106-38. 
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vestigated chemically. The results of such an investigation are de- 
scribed in the next section, ““Chemical Analysis.” The minerals identi- 
fied in the fine clay have not been added to Hunt’s determinations, 
Table IX. 
CHEMICAL ANALYSIS 

Table X lists 20 clay samples for which partial analyses were 
made. In view of the abundant plant and animal life in the lake chiefly 
in the form of algae, brine shrimps, larvae of the small fly, Ephydra 
gracilis, the abundant microscopic organisms, and the manner of 
accumulation of these forms along the shore there apparently to die 
and decay, it was anticipated that at least some of the clays would run 
much higher in organic matter than that actually found. The de- 
termination of the organic content has an added interest because of 


its possible relation to the origin of the oil seeps at Rozell Point. It , 


was thought that the oil might have formed by reaction of the salt 
water with the organic matter in the clays. The analyses show the 
organic content to range from 0.45 + per cent to 2.17+ per cent which 
is not large but may be significant. A discussion of some of the specific 
localities follows under the heading “Color of Clays,” page 1354. 
The average moisture content of the clays collected under water 
is 39.0 per cent on a total-weight basis and 64.4 per cent on a dry- 
weight basis. Where the lake has receded, leaving the clays exposed to 
the air, considerable moisture has been lost but in most places the 
deposits within the bluff line, even though exposed, remain very 
moist or saturated with water. Samples taken under air average 
about 30 per cent water (total-weight basis). One sample taken 20 
feet below the surface clays at Rozell Point contained 30 per cent 
water (total-weight basis) but at the surface in the same locality the 
clay contained 43 per cent. The physical constitution of both appeared 
similar. This suggests expulsion of water under the weight of over- 
lying sediments. Along this same beach there is other evidence of 
compaction. A rough hexagonal pattern of markings inclosing areas 
5-20 feet in either dimension was observed extending northwestward 
for several miles. The marks were 3—6 inches wide and, when stepped 
upon, let the foot and leg submerge almost as if the clay were liquid. 
The markings appeared like small fissure eruptions and indicated 
rising or upwelling of clay. The pattern existed both where the lake 
had receded and out under water as far as‘one could wade (} mile). 
The writer interprets the phenomenon as one of compaction of the 
underlying clay with the expulsion of water along contraction joints. 
By probing with a marl sampler the fissures were found to extend at 
least 10 feet down and appear to have a uniform width. After lithifica- 
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TABLE X 


ParTIAL CuemicaL ANALYSES OF Great Satt Lake CLays 
Plus a Po ome of the amount of aragonite and dolomite oy 2) 


Semple, Moisture Calcium, Magnesium, and Carbon Dioxide 
Dolo- | 
NitN: Total | Dry . Ex- | Fx- Description of Sample 
Loca- Ara-| mite 
. N Ns | X14|Weight| Clay | CaO |MgO| CO: “ cess | “cess 
2 Basis | Basis sonite CaO | MgO 

B -070 | .065 -95 1c.7 | 3.2 | 10.15 | 17.14 | 5.17 | 0.10 | 1.64 | Craterlet clay from Rozell Pt. oil seeps. Blue-gray, 
very fine, smooth and sticky 

B +150 | .160 2.17 43.8 | 70.0 | 3.0] 4.2 2.91 4.82 1.58 | None | 3.72 | Craterlet clay from Rozell Pt. oil seeps. Gray- 
green and not so plastic and sticky as above 

B -045 | .055 +70 3-6 | 2.7 Black mud under odlites at Rozell Pt. Very sticky, 
fine and smooth 

B °. 45.0| 8.7 | 2.3 Blue-gray clay taken under 2 feet water and 20 feet 

ti mud. Near ol seep craterlets at Rozell Pt. 

D 58.5 |130.4 | 16.3 | 4.4 Tan clay collected 4 mile west of Colin in 12 feet 
water 

G 24.5 | 32-3 | 8.7] 3-5 Tan clay from east side of Promontory Range. No 
present water cover and somewhat dried 

H +040 | .035 ~52 20.0 | 2.0 Drab gray clay from lake bed near dike west of 
Perry. Collected 3 feet below surface clay 

I «130 | .130 1.82 35-2 | 54-7 9.6 | 4.3 Dark surface muck from lake bed west of Syracuse. 
Taken from upper 2 inches. No water cover at 
present 

J «Iso | .155 2.13 11.9 | 5.1 Dark surface muck under salt pan west of Farm- 
ington. No water cover at present 

J 29.9 | 42-7 | 11.6 | 6.3 Gray clay taken 12 inches below surface west of 
Farmington. Same locality as above 

K -035 | .030 -45 14.9 | 8.9 | 18.91 | 21.25 | 14.80 | None | *2.35|) Gray-blue clay under odlites north of Saltair. Very 
smooth and sticky 

M +050 | .060 77 20.4 | 25.6] 23.4 | 6.4 Tan-gray clay from lake bed SW. of Stansbury Is- 
land, 4 mi. from R.R. track. No water cover at 
present 

Oo 34.0 | 51.4 | 11.4 | 3.9 Tan-gray clay from lake bed east of Johnson’s 
ranch. = 8 inches below surface clay. Water 
2 mi. to 

P 38.8 | 63.2 | 22.8 | 4.4 Tan clay collected one mile east of Rambo in 20 
feet of water. Slightly coarse 

Q 31.2 | 45-4 | 26.9 | 4.4 | 20.03 | 42.50 | 4.46] 2.24 | 3.03 | Tan-gray clay collected 4 mi. NW. of Saltair in 20 
feet of water. Sulphur odor 

e 40.8 | 68.8 | 16.9 | 6.9 Blue-gray clay taken in White Rock Bay under 8 
feet water and 3 feet below surface (bottom) clay 

= 21.6 | 27.2 | 37.3 | 3-5 | 26.33 | 55.90 | 3.46 | 5.32 | 2.45 | Tan-gray clay taken at surface in 8 feet water. 
Same location as above 

Ww 45.6 | 81.7 | 19.0 | 4.0 Tan-gray clay collected in middle of lake east of 
Carrington Is. under 25 feet water ; 

x -150 | .150 2.10 51.2 | 90.8 | 18.2 | 5.1 | 14.48 | 26.78 | 5.40 | 2.14 | 3.46] Pale blue-gray clay collected in middle of lake E. of 
Carrington Is. under 30 feet water. Sulphur odor 

Z 43.7 | 78.0 | 21.9 | 4.5 ping | clay collected in middle of lake E. of Car- 
rington Is. under 28 feet water 


Organic matter, CaO, fy £0. and CO; are figured on a moisture-free basis. The organic analyses are by H. E. Hammar, American Petroleum Institute while 
working with P. D. Trask rie X Gorton 6 content ratio of 14 is considered the best approximation. See Trask, Source Sediments of Petroleum, pp. 21-29. The 
CaO and MgO analyses are by Gorton of the Michigan Geological Survey. Each sample was treated with weak HC/ and heated until reaction stopped. The 
CO; analyses were run by Ww. M. Spurgeon, a graduate student in the Department of Chemistry, University of Michigan. The above samples are all designated 
as ons although there is considerable variation from this type. See Table VIIT. 

After the CaO had been satisfied in both aragonite and dolomite there remained an excess of 2.26 per cent CO:, and 4.40 per cent MgO. The CO: was 
united with MgO as hypothetical enagnedite, MegC0O,, leaving, still. an excess of 2.35 per cent MgO. 
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tion it is probable that sections through the resulting calcareous 
shale would show small dikes of mud rock, perhaps of a slightly 
different color, cutting across the shale beds. These would differ from 
filled mud cracks in not wedging out within several inches, in extend- 
ing through 10 or more feet of strata, and in having thicknesses 
generally greater than mud cracks. The phenomenon near Promon- 
tory Point as seen from the air is shown in Plate 4a. 

Another evidence of compaction is believed to be seen at Monu- 
ment Rock where in the spring of 1934 an earthquake occurred. 
Monument Rock is an erosional outlier of Paleozoic sedimentary 
rocks almost surrounded by lake sediments. At the time of the earth- 
quake several craterlets bordering the bedrock island came into 
existence. They flowed a cold concentrated brine. It is believed that 


the shocks caused considerable compaction of the soft hydrated : 


clays around the island and the water thus eliminated came up along 
the bedrock contact. 

The consistent presence of magnesium, compounds of which are 
soluble in weak HCl, is noteworthy. In some localities it is almost 
sufficient to render the clay, should lithification occur, an argillaceous 
dolomite. The average of such magnesium of the lake clays computed 
on the basis of MgO (Table X) is 4.5. The average soluble calcium 
content on the basis of CaO is 15.9. A maximum CaO content of 37.3 
was found in a clay in White Rock Bay (T) on the west shore of 
Antelope Island. A maximum M0 content of 8.9 was found in a clay 
underlying the odlites just north of Saltair (K). The highest soluble 
MgO:Ca0 ratio was found in two clays at Rozell Point (B) where 
the average MgO content was 1.2 times as much as the CaO. No clay 
from any other locality yielded such a high MgO:CaO ratio. The 
presence of basalt cliffs at the water’s edge is restricted to this 
locality and the ferromagnesian minerals of the basalts might have 
contributed the exceptional magnesium content. As noted earlier, 
this clay has less coarse clastic content than the deep lake clays. Other 
features of the carbonate content of the clays are discussed under 
“Origin.” 

Silica is undoubtedly also precipitated from.true solution and 
colloidal suspension. Appreciable sodium and potassium are ex- 
tracted from the lake waters as base ions associated with the colloidal 
clay particles. These subjects are treated at length under the next 
heading “Origin.” 

ORIGIN 

Chemical precipitates——All the clays have considerable calcium 

and magnesium carbonate content, whether near river mouths, near 
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4a.—Aerial photograph looking south-southeast from point just north of 

Coline on faa Cut-Off. Fringing algal bioherm is conspicuous in left foreground. White 
= is odlitic sand with considerable fragmental bioherm material. 

b.—Exposed lake bottom clays with pressure ridges in thin salt crust. Near Monu- 

ment Rock, locality Ah, Fig. 2. 
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desert shores, or in the deepest part of the lake farthest removed 
from land. In the discussion of the chemistry of the lake water it was 
pointed out that the fresh-water streams, containing chiefly calcium 
and magnesium carbonate, empty into a carbonate-saturated lake 
water and, although diluting the lake water for a time, result in the 
precipitation of calcium and magnesium carbonate, when evaporation 
again concentrates the solution. The interval of time between dilution 
and evaporation permits thorough mixing of the river waters with 
those of the lake so that carbonate precipitation is widespread. 
Clarke* and Talmage*® have observed the precipitation of calcium 
carbonate from the lake waters in the form of the odlites, Talmage also 
suspecting the presence of “‘a marly deposit in the deeper parts.”’ The 


clays are more plentiful than the odlites and amply attest carbonate 


precipitation. 

Although the physico-chemical process of calcium carbonate 
precipitation in Great Salt Lake seems adequate in itself to account 
for the large carbonate content of the lake-bottom clays, the lake 
bacteria must also play an important réle. Bavendamm’s® account 
of the “Kalkschlamm” of the Bahama Islands suggests the necessity 
of micro-organic research on the clays of Great Salt Lake. The strong 
emanations of H2S from all the lake clays sampled betrays the pres- 
ence of abundant sulphur bacteria. It is probable that other bacteria 
groups are present also, such as cellulose bacteria and denitrifying 
bacteria. Bavendamm*’ concludes that enough bacteria are present 
in the bottom sediments of sheltered lagoons, bays, and banks in the 
tropical seas to account for all the carbonate precipitation that has 
occurred there. Althcugh the denitrifying and desulphatizing bacteria 
result in the liberation of CO, which is prejudicial to carbonate pre- 
cipitation, other bacteria groups extract the CO; thus liberated, and 
by such coéperative activity carbonate precipitation results. The 
micro-organic content of the lake clays is discussed further under 
“Diagenesis.” 

In examining the chemical analyses of calcium and magnesium 
carbonate, either CaO or MgO or both are in excess of the combining 
ratio of CO, and hence in part must be combined or in colloidal as- 
sociation with other constituents. The petrographic examinations 


% F, W. Clarke, “Data of Geochemistry,” U. S. Geol. Survey Bull. 770 (1924), 
P. 159. 

% J. E. Talmage, The Great Salt Lake, Past and Present (1900), pp. 65-66. Published 
by Deseret Book Store, Salt Lake City. 


% W. Bavendamm, “Die mikrobiologische Kialkfallung in der tropischen See,” 
Archiv fiir Mikrobiologie, Vol. 3 (1931), pp. 266-69. 
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have already shown that the principal carbonates present of chemi- 
cally precipitated origin are aragonite, CaCO;, and dolomite, 
CaCO;-2MgCO;. Before attempting to calculate the proportion of 
aragonite and dolomite from the CaO, MgO, and CO; analyses of 
Table X, it is desirable to examine chemically the fine white material, 
because in so doing additional factors governing the assignment into 
various combinations of the oxides are brought to light. 


TABLE XI 

CHEMICAL ANALYSIS OF FINE WHITE MATERIAL IN CLAYS 
SiO2 44.26 30.78 45.58 
Al,O; (includes TiO, and Mn;0,) 10.10 6.06 8.02 
FeO; (total iron) 3-04 2.50 1.65 
MgO 6.80 8.91 7.36 
14.34 23.35 15.07 
Na,O 4-95 7.00 5-47 
3-61 2.93 2.07 
PA; ©. 26 0.23 0.21 
CO; 11.59 18.61 14.31 
HO (determined only for U) ? ? ©.70 
Total 99.85 100.07 100.45 


Each sample was separated from the coarser material by decanting, and then washed with distilled 
HO until AgNO; gave no further test for Cl. This was n to remove NaCl. The washed samples were 

dried at 120°C. before analysis. Analyses by J. B. Schroyer, Department of Chemistry, University of 
Michigan. 

Table XI gives complete analyses of the fine white material from 
three localities. In calculating the chemical analyses in terms of 
minerals present, the following petrographic observations must be 
satisfied. 

The feldspar grains are chiefly orthoclase and albite. Quartz grains 
are about as common as feldspar grains. The clay minerals are about 
as common as the quartz and feldspar together. Aragonite is three or 
four times as common as dolomite. 

The approximate composition of the clay minerals was deter- 
mined as follows. When the carbonates are dissolved in HC/ a fine 
flocculent material remains. Rubey called the writer’s attention to the 
apparent similarity of this material with a silica gel obtained by 
digesting samples of Overton magnesite with acid.** The silica gel is 
believed to result from the breaking down of a hydrous magnesium 
silicate, probably parasepiolite, 2MgO-3Si02.-4H.O. The magnesium 
goes into solution with the calcium and magnesium of the carbonates. 
Callaghan and Rubey were unable to isolate the mineral for definite 


38 Eugene Callaghan and W. W. Rubey, “Mineral Resources around Boulder 
Dam,” U. S. Geol. Survey Bull. 871 (1936), pp. 130-33- 
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identification. Although Peck was able to determine the index of one 
clay mineral and two carbonates in a very fine state of subdivision in 
the Great Salt Lake clays, he likewise found that the carbonates 
effectively conceal the parasepiolite, if present. In an acid-treated 
sample only the clay mineral could be discerned. A suggestion of a 
colloidal material was noted, however, in the petrographic examina- 
tion of an HCl residue from the concentric bands in the odlites. An 
extremely fine crystalline substance was found with an index of 1.54. 
Although too fine for Peck to determine definitely, the index suggests 
quartz. The evidence of a hydrous magnesium silicate is by no means 
definite but suggestive enough to warrant inclusion of it in the cal- 
culated list of minerals. 

The mineral withindex 1.52 (p. 1338) can not be parasepiolite 
(index 1.50) because it has not broken down in acid treatment and’ 
must contain aluminum. In fact, a considerable amount of some 
aluminum silicate must be present in order to account for the excess 
Al,O; more than the amount necessary to form the required 10-20 
per cent feldspar. Peck believes the mineral is one of the bentonite 
group, possibly montmorillonite. 

On the basis of the foregoing petrographic and chemical require- 
ments, the mineral composition shown in Table XII was calculated. 
The amount of parasepiolite (?) was arbitrarily kept approximately 
constant in the three samples. The excess oxides, CaO, MgO, Na,0, 
and K;20 are undoubtedly colloidally absorbed as base ions in and 
around the various kinds of colloidal particles. The principal mineral 
to attract these bases would be montmorillonite (?). The best con- 
ception of the colloidal clay in Great Salt Lake, according to 
Senstius,*® is that of a ‘‘colloidal clay complex” in which the question- 
able parasepiolite and montmorillonite together with variable and in 
‘some places appreciable (5-13 per cent) absorbed bases are very 
complexly related. Any inquiry into the physical and chemical 
divisions of this clay complex must await the work of the colloidal 
chemist. The writer has taken the liberty to calculate the chemical 
composition in terms of definite minerals, parasepiolite and mont- 
morillonite, in order to demonstrate that they are possible con- 
stituents and that they fit in nicely with the known facts. 

Colloidal sediments in the environment of Great Salt Lake water 
might be expected to absorb preferentially Ca++ to Mg**, or Na* to 
K+. From Table XII any such relations are not clear because the 
per cent of MgO, taken arbitrarily to unite with SiO, to form para- 
sepiolite, may be considerably incorrect. Slight possible shifting of 

39 Oral communication, University of Michigan. 
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TABLE XII 
CALCULATED MINERAL CONTENT OF FINE WHITE MATERIAL IN CLAYS 
Proportion | Localityr | | rocality U 
Mineral Oxides Per Cent Per Cent Per Cent 
‘er Cent Total Sample Total Sample Total Sample 
Aragonite COz 44.0 8. 59} 9-43} 
CaO 56.0 | 10.93/79°5? | 19.86/35°47 | 12.00/77 
Dolomite COz 49.9 3.00 4.88 
(Ca:Mg=1:2) 119.6 6.00] 1.18} 6.00} 1.83} 9.68 
MgO 30.4] 1 1.82 2.97 
Parasepiolite | MgO 30.8] 2.5 5-83} 3 = 
> (?) SiO, 69.2 8.23 | 9:18 | 9°74 
K 
36 Montmaril- SiO. 66.3 | 18.36 II.12 14.83 
lonite (?) Al,O; 22.1 | 6.11 3-70 4.90 
=8 CaO 1.9] 0.53}27.69 | 0.32/16.78 | 0.42}22.31 
MgO 5.8] 1.61 0.98 1.29 
3.9] 1.08 0.66 0.87 
and albite 66.7 | 11.34 6.81 9.00 
3 19.0] 3.23 1.94 2.57 
K.0 8.4] | | 73 
5.9] 1.00 0.60 0.81 
Green hornblende, SiO, 43.0] 2.51 1.50 1.99 
Al,O3; 12.0] 0.70 0.42 0.55 
sericite, Fe,0; 17.0| 0.99 0.60 
and various dark 1.5 | ©.09} 5.21 | 0.05) 3.12 | 0.06} 4.10 
grains CaO 12.0] 0.70 0.42 0.55 
NazO- 2.7| 0.16 °.10 0.12 
K,0 1.0 | 0.06 0.03 0.05 
Quartz SiO, 100.0 6.35 5.00 13.02 
Hematite (?) and FexO3; 100.0 1.87 1.24 None? 
magnetite (?) 
Apatite PO; 42.3 | 0.26 0.23 0.21 
55-5 | 0.347 0.63 | 0.307 0.55 | 0.277 0.50 
F(?) 3-8 | 0.03 0.02 0.02 
) 0.66 1.27 None(?) 
Excess oxides gO 0.75 3-23 0.04 
Na,0 3-70( 7°37) 6.30(12-84 | (5°47 
K,0 2.12 2.04 0.89 
Total 99.82 100.37 99-76 


of mation tha of an average sample See Rowand EV. Shanon, “Mineral of Benton 
” Jour. Amer. Cer. Soc., Vol. 9, No. 2 (1926). 

other mineral amounts or changes in assumed composition of the 

minerals would alter the amount of excess bases. The writer sus- 

pected, however, the greater degree of absorption of Mg*+ than Cat+ 

and prepared Table XIII which seems to confirm the belief. The 
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TABLE XIII 
RELATION OF MAGNESIUM TO INSOLUBLES 

Sample Ratio 

Locality CaO MgO CaO :MgO Insolubles 
B 3.0 4.2 O.71:1 89.90 
B 10.7 3-2 75-95 
x 18.2 3.6 22 62.22 
Q 26.9 4-4 6.2 Sz 47-77 
37-3 20.7: 32 32.87 


Sample K is exceptional and is not included. The insolubles are figured on the basis of COs content. 


greater the percentage of insolubles, if colloidal, the greater per- 
centage of Mg** should be absorbed. That this is a definite tendency 
is shown by the fact that the Mg:Ca ratio is greater with more in- 


solubles. However, if the magnesium were present as parasepiolite’ 


in a rather constant amount and not as an absorbed base, the relation 
would be about the same. The exact association of magnesium can 
not be solved at this time. 

The analyses of Table X are of complete samples. On the basis 
of the distribution of CaO in aragonite and dolomite in the fractional 
samples of the fine white material, Table XII, a similar proportion 
was arbitrarily used in the calculations of the complete samples. This 
ratio (go per cent CaO for aragonite, 10 per cent for dolomite) proved 
quite satisfactory. In half the samples the CaO was combined com- 
pletely, leaving no excess, whereas in the other half 2.14-5.32 per cent 
remained in excess. MgO excess ranged from 1.64 to 3.46 per cent and 
is more constant than CaO. 

Part of the CaCO; calculated as aragonite is calcite. The mineral 
determinations of Table IX show an average of 15 per cent of the 

sand fractions to be calcite grains. The sand fractions constitute one- 

third by weight of the total sample. Therefore, the calcite grains 
make up about 5 per cent of the bottom-clay material of the lake. 
This amount must be subtracted, on the average, from the amount of 
aragonite in Table X in order to obtain a true percentage of the 
amount of aragonite precipitated chemically. 

The origin of the silica of the colloidal clay complex is a problem 
of interest. The silica could have been carried into the lake by the 
rivers either in true solution or in colloidal form. Shore processes 
might have mechanically broken down the quartz particles to colloidal 
dimensions. The wind might have transported quartz grains of such 
fine size that they acted as colloidal particles after falling into the 
brine. Again, all these processes may have contributed in part to the 
silica of the clay complex. 
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The mechanical processes of rock comminution such as the ac- 
tivity of wind and waves are not believed to be very effective in re- 
ducing quartz particles to colloidal size. According to Senstius® 
quartz can be ground with difficulty to colloidal size in the laboratory, 
and it has been found that quartz particles of the size ordinarily car- 
ried by the wind do not exhibit colloidal properties. Silica in colloidal 
subdivision is ordinarily due to chemical weathering of silicate 
minerals, namely, hydrolysis of feldspar and various ferromagnesian 
silicate minerals. 

If a hydrous magnesium silicate is present, its silica content must 
have been derived from silica in true solution or incolloidal suspension. 
Silica in such condition probably was carried into the lake by the 
tributary rivers. The silica in a bentonitic mineral like montmoril- 
lonite is undoubtedly the result of chemical weathering. However, the 
montmorillonite may have entered the lake as such in colloidal sus- 
pension, and not have been formed by chemical reaction within the 
lake waters or as a diagenic product from silica gel and other con- 
stituents in the lake waters. Analyses of the tributary waters are too 
incomplete to afford a definite solution to this problem. Bear River, 
alone of the major tributaries, has been reported carrying SiO, and 
Al,O; in solution. Most probably colloidal silica would be included 
in the analyses. At Evanston 3.84 per cent SiO: is reported (Table 
IV) in water having a salinity of 185 parts per million, and at Corrine, 
near its mouth, 2.53 per cent (Al, Fe)eO; in water having a salinity 
of 637 parts per million. SiO, is not given in one analysis and AO; 
not in the other. It appears that SiO,, Al,O3, and Fe203 were all pre- 
cipitated together and called SiO, in one analysis and (AJ, Fe)203 in 
another. This is supported by the fact that the percentages add up to 
100 per cent in each analysis. Assuming SiOz, Al,O3, and Fe20; to be 
contained in each sample to the amounts indicated after ‘Si0O,” 
and “(Al, Fe)2O3,”’ the Evanston sample contained 4.6 per cent as 
much silica, alumina, and iron oxide as calcium and magnesium carbo- 
nates, and the Corrine sample contained 6.8 per cent as much. How 
representative the average figure, 5.7 per cent, is for the other 
tributary rivers is not known. 

A comparison of chemically or colloidally precipitated carbonates 
and silicates in the lake with those in the water of Bear River may 
approximately be made. According to Table XII the montmorillonite 
(?) and the SiO; of the parasepiolite (?) amount to 26.8 per cent of 


“ M. W. Senstius, soil geologist, University of Michigan. 


“1 It was thought best to average the two analyses because they were taken at 
different times, not to use the lower river one (Corrine) solely. 


a= 
¢ 
> 
4 
A 
74 
| 
q 


SEDIMENTS OF GREAT SALT LAKE, UTAH 1349 


the fine white material. As the fine white material constitutes the 
clay and part of the silt fractions from Table VIII, it makes up about 
50 per cent of the lake clays. Montmorillonite and the silica of the 
parasepiolite, therefore, compose about 13 per cent of the entire lake 
bottom clays. The average total carbonate plus absorbed Ca*+ and 
Mg** is about 35 per cent in the clays. The percentage ratio, 13.5/35 
= 38 per cent, for the lake clays is much more than 5.7 per cent for the 
Bear River water. However, the widespread areas of odlitic sand and 
bioherms with their much higher carbonate content will lower the 
proportion of silicates to carbonates appreciably, and make probable 
the conclusion that the streams tributary to the lake are carrying in 
solution and suspension about 5.7 per cent SiOz, Al,O3, and FeO; and 
35 per cent Ca, MgO, and COs, and that these are being chemically 
precipitated in the lake in about the same proportion, considering 
all types of sediments. 

Sand, silt, and clay fractions—In addition to chemically precipi- 
tated calcium and magnesium carbonate and the colloidal clay com- 
plex, the other chief constituent of the clay is clastic material. The 
sand and about 50 per cent of the silt fractions of the mechanical 
analyses are composed of mineral particles and faecal pellets of the 
brine shrimp, but here and there odlites are found. Where odlites 
were found in the clay the sample was collected either on the margin 
of the odlite zone (Fig. 2) or on exposed stretches of the lake bottom 
over which the wind has drifted some odlitic sand. It is believed that 
the odlites and faecal pellets (pp. 1359 and 1401) result from the 
activity of special physical processes or animal life using the clays as 
source material. The sand and silt fractions, composed of mineral 
fragments, must have been deposited by the lake water, but either 
_ wind or water currents could have transported the grains to the site 
of deposition. 

It is generally believed that offshore currents (undertow) or long- 
shore currents decrease in effectiveness with depth in transporting 
clastic particles. Great Salt Lake clays in shallow embayments might 
logically be accounted for, at least in large part, by lake current trans- 
portation, but the deep-lake clays may lie below the lower limit of 
water movement, which from the study of the odlites, is about 12 
feet. The deep-lake samples X, Y, Z, and Aa were collected under 20- 
30 feet of water and 6 miles from the nearest landmass from which 
sediments could be derived. The gradient of the bottom from Antelope 
Island to locality Y is 5 feet per mile. Under these conditions it might 
seem improbable that any but the finest clay particles have been 
transported by lake currents to the central and deep part of the lake. 
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Eakin’s® study on the silting of reservoirs, however, shows that clay 
and silt particles are carried in large amounts to depths below 100 
feet in bodies of water somewhat comparable in size to Great Salt 
Lake. For instance, about 65 per cent of the sediments brought into 
the San Carlos Reservoir, Arizona, by the -tributary streams have 
accumulated at depths ranging from 50 to 200 feet. Circulation in the 
waters of Great Salt Lake is sufficient to carry the carbonates of the 
river waters in solution to all parts of the lake and also may be suffi- 
cient to transport much fine material in suspension to the deep-water 
areas. Another conflicting thought is the flocculating power versus the 
suspending power of the heavy-brine. Without direct observation of 
the transporting power of the lake waters, such speculation as the 
foregoing leads to no reliable conclusion. The problem may be ap- 
proached from another angle, however. If the proportion of soluble 
material to suspended material that the tributary rivers bring into 
the lake is known and the distribution of chemical precipitates in 
relation to mechanical (clastic) contents is determined, an estimate of 
the amount of material carried out from shore by lake currents may 
be ascertained. 

The approximate average per cent of chemically precipitated sedi- 
ment for the three types of Great Salt Lake clays is as follows. (This 
includes aragonite, dolomite, parasepiolite (?), and absorbed bases.) 


Per Cent 
River-mouth sediments in eastern division of lake 33 
Deep-lake sediments in western division of lake 47 
Near-shore sediments in western division 29 
Average, equally weighted 36 


According to Dole and Stabler® the solids carried by the streams 
of the Great Basin (presumably a measurement on the Bear River) 
are 64 per cent dissolved and 36 per cent suspended. If the average 
sediment precipitated from solution in Great Salt Lake is 36 per cent 
of the total sediment, 20 per cent of the sediment must be water trans- 
ported and deposited. The proportion is as follows. 


36 2 2 rcent 
—=— x= 20 
x 36 
The average origin of the Great Salt Lake clays would then be 
Per Cent 
Transported by lake currents 20 
Transported by wind 44 
Precipitated from solution 36 


* H. M. Eakin, “Silting of Reservoirs,” U.S. Dept. Agri. Tech. Bull. 524 (1936), 
PP. 90-91. 
~ R. B. Dole and H. Stabler, ““Denudation,” U.S. Water-Supply Paper 234 (1909), 
p. 
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Material in colloidal suspension is included in the first item, 
“Transported by lake currents.” 

Examination of wind-blown dust in the Great Salt Lake region 
and its comparison with the sand, silt, and clay fractions of the lake 
clays confirm the calculations which show the air currents to be a 
very active agent in transporting the coarser clastic part of the clays 
to the various parts of the lake. 


TABLE XIV 
Grain S1zE Comparison OF Loess with GREAT SALT LAKE CLAY AND Dust 


Medium Fine Very Fine 


Sand Sand Sand 
1.0-0.5Mm| peng 0.005 Mm.| 0.00 Mm. 


0.25 Mm. | 0.10 Mm. | 0.05 Mm. |"; ee 
Per Cent Per Cent Per Cent Per Cent Per Cent | Per Cent 


1. Loess from Nebraska 0.2 0.4 1.7 26.7 59.7 11.3 
2. Loess from Illinois 0.5 1.03 0.76 7.07 69.76 19.98 
3. Average Y, Z, and Aa 

deep lake samples,| 

Great Salt Lake 0.5 1.15 3-4 24.5 39-0 30.9 
4. Dust on foam, Ac, 

Great Salt Lake 11.4 3-7 8.6 39.8 35.0 
5. Dust Fall, Boston 

Bldg., Salt Lake 

City, 1918 0.7 0.5 2.6 19.5 8.9 66.8 


1. Mechanica] analyses of loess from Nebraska, by F. & Alway and C. O. Rost, “The Loess Soils of 
the Nebraska Portion of the Transition Zone,” Soil Science (Rutgers College), Vol. 1, No. 5 (1916), p. 407- 
Average of 36 samples. : 

2. Average of 7 “Upland loess” samples, 3 pervious and 4 my | pervious. Frank Leverett, “The 
Illinois Glacial Lobe,” U. S. Geol. Survey Mon. 38 (1899), pp. 159-63. Percentages have been recalculated 
on a dry-weight basis to conform to other — 

3, 4, and 5. See mechanical analyses, Table VIII. 


The mineralogical composition of loesses varies widely but gen- 
erally the most common mineral is quartz, with orthoclase, plagio- 
clase, hornblende, biotite, tourmaline, carbonate, and clay colored 
with iron oxide ordinarily present.“ Table [X shows nearly the same 
minerals quantitatively in the clays of Great Salt Lake. A few addi- 
tional minerals were detected in the lake clays such as augite, epidote, 
chlorite, pyrite, apatite, leucoxene, zircon, and glass, all in very small 
amounts and apparently reflective of exposed rocks in the surrounding 
region. These minerals are noted in some loesses. Although loess 
grains and those of the lake clays are angular this can not be assumed 
to be a characteristic of wind-transported material because almost 
all very small clastic grains of whatever origin are angular. 

The mechanical analyses lend equal support to the eolian theory. 
Loess analyses vary considerably, especially if much alteration has 
occurred since deposition. It is difficult to know if the sampled loess 
is greatly altered but in Leverett’s “Upland loesses,”’ perhaps a some- 
what close approximation to the original nature is obtained (Table 
XIV). Loesses vary in grain size from one locality to another, namely, 
the Nebraskan loesses are coarser than the Illinoian loesses. The larg- 
est discrepancy between the Mississippi Valley loesses and the Great 

“ W.H. Twenhofel, op. cit., p. 274. 
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Salt Lake clays is in the clay fraction which in the lake samples is 
greater by 10.9 per cent than that in the Illinoian loess average and 
19.6 per cent greater than in the Nebraskan. The difference in clay- 
fraction content becomes less conspicuous when some actual dust-fall 
samples in the Great Salt Lake area are examined. Mechanical analy- 
ses of the dust samples are included in Table XIV. Dust that had 
settled directly on foam on the lake has a clay content of 5 per cent 
greater than that of the deep-lake clay, and dust that fell on the roof 
of the Boston Building in Salt Lake City had 30 per cent more clay. 
The mineral composition of the dust and lake clays is very similar 
(Table IX). 

The relative activity of the air and water currents in transporting 
the clastic material to the river-mouth areas of the eastern lake divi- 
sion and the deep and the near-shore areas of the western division is 
a problem that can be still less accurately solved. If the dust fall is 
uniform over the lake the problem resolves itself into an equation of 
two known variables (water current transportation and chemical 
precipitation) and one constant (wind transportation), and is easily 
figured. Undoubtedly more coarse material is dropped in the lake 
along the shores by the wind than in the central parts of the lake, 
and the more arid climate of the western division is more conducive 
to dust storms than the eastern division. No relative dust-fall data 
are available. In order not to leave the problem without an approxi- 
mate solution, the following arbitrary relative dust falls are assumed, 
allowing first, the area of maximum fall to equal roo per cent, and 
then, multiplying each by a factor sufficient to make them average 


100 per cent.” 
Per Cent Per Cent 


Near-shore areas of western division 100 (127) 
Mid-lake areas of western division 75 ( 96) 
River-mouth areas of eastern division 60 ( 77) 


On this basis the chief constituents of the three areas of clay de- 
posits originate as follows. 


Per Cent 

1. River-mouth deposits in eastern division 

Clastic and colloidal material transported by lake currents 33 

Clastic material (possibly some colloidal) transported by the wind and 

deposited in water 34 

Precipitated from solution 33 
2. Deep-lake deposits of western area 

Clastic and colloidal material transported by lake currents II 

Clastic material transported by wind and deposited in water 42 

Precipitated from solution 47 
3. Near-shore deposits of western area 

Clastic and colloidal material transported by lake currents 15 

Clastic material transported by wind and deposited in water 56 

Precipitated from solution 29 


The constant in the equation, therefore, becomes a known variable, also. 
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Montmorillonite (?) is considered in the foregoing tabulation to 
have been transported in colloidal suspension by the streams and 
lake currents, but parasepiolite (?) to have been precipitated out of 
true solution. 

DIAGENESIS 


Calcium: magnesium relationship.—The magnesium carbonate 
content of limestones and dolomites has often been considered of 
secondary origin with the inference, perhaps, that no dolomite was 
precipitated in the original deposit. The dolomite crystals of the 
Great Salt Lake clays are undoubtedly primary, a phase-rule relation- 
ship between the precipitates, aragonite, dolomite, and parasepiolite 
(?), apparently existing. Is magnesium in any way, however, being 
preferentially retained or taken out of solution? 


The CaO: MgO ratio of the clays on the basis of 20 analyses (Table 


X) is 3.3:1. This calcium and magnesium has been extracted with 
weak, hot HCl, and includes an appreciable amount from the col- 
loidal clay complex. All of it, however, has been precipitated from 
solution in the lake waters. The ratio of CaO: MgO in the fresh-water 
streams entering the lake is about 2.6: 1, a figure arrived at by weight- 
ing the calcium and magnesium analyses of Table IV according to 
the respective stream discharges“ and computing them on the- basis 
of their oxides. Neither the chemical analyses nor the stream dis- 
charge data available are very satisfactory and the ratio is, therefore, 
approximate. 

The ratio in the odlites (p. 1371) is CaO: MgO= 26:1. The ratio 
in the algal deposits (p. 1398) is CaO: MgO=11:1. The three ratios, 
weighted approximately on the basis of the areal distribution of each 
type of sediment, is CaO: Mg0=8.6:1. This composite ratio shows 


the MgO content of the river waters to be 2.8 times as much as in the 


lake sediments. Great Salt Lake waters have become greatly enriched 
in magnesium, containing at present 2.76 per cent magnesium and 
only o.16 per cent calcium of the solid contents in solution. The lake 
reached its present high salinity at least 1,000 years ago and it is 
not probable that the process of magnesium concentration is contin- 
uing at present, particularly not, if dolomite crystals are being pre- 
cipitated. The most plausible explanation of the greater magnesium 
content in the rivers than in the lake sediments is obtained from the 
concept of base exchange. The analyses of Table X show about 4.6 
per cent of the total sample to be colloidally absorbed Ca++ and Mg** 
ions. Generally, more magnesium is absorbed than calcium. In addi- 
tion sodium and potassium are absorbed in large amounts (Table 


© Data of stream discharge were taken from U. S. Geol. Survey Water-Supply 
Papers 517 and 750. (See Table I.) 
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XII), possibly five or six times as much as calcium and magnesium. 
If the weak HCl, in which the sediments were heated until reaction 
ceased, did not remove all of the absorbed bases, the discrepancy 
between the magnesium content of the river waters and the lake 
sediments is, at least partly, explained. A sample of odlites that was 
digested in HC/ and washed free of the soluble material before analy- 
sis (Table XIII) contained about 21 percent excess oxides of calcium, 
magnesium, sodium, and potassium. This appears to indicate that 
acid treatment and washing until free of Cl- ions only removes part 
of the colloidally absorbed bases. 

If sodium and potassium are also being absorbed in the lake sedi- 
ments it is possible under existing conditions that potassium may 
never become more concentrated in the waters than at present, and 
that it will continue to be extracted from the water for some time in 
the future by the process of base-ion absorption at about the rate of 
entry into the lake. A suggested conclusion follows: in order that po- 
tassium salts form in an evaporite basin, the waters of which have the 
approximate composition of Great Salt Lake, desiccation must be 
very rapid or clay particles must be very limited. 

Color of clays——The activity of bacteria and other microscopic 
organisms should be investigated with reference to changes in carbon- 
ate and organic content in the clays and in relation to the color of the 
sediments. The lake-bottom clay flora is now being studied by Zo- 
Bell’ and associates and as already noted their counts show the clays 
to contain from a few hundred to several hundred thousand viable bac- 
teria per wet gram. Undoubtedly a certain group of these bacteria 
has caused the formation of the hydrogen sulphide gas that is so 
prevalent around the shores of Great Salt Lake and in bottom samples 
dredged from all depths. Some small botryoidal clusters of pyrite 
were observed in sample O, and may be the result of bacterial action. 
In view of the present lack of knowledge of the microscopic life in 
the lake clays it is necessary to await further study by the limnologist 
and bacteriologist before hazarding conclusions on problems of the 
sediments involving biochemistry. 

Black clays have been noted at the following places: the east 
shore of the lake from the mouth of Weber River south through the 
Syracuse and Farmington sections almost to Saltair; the west shore 
of the lake north and south of Johnson’s Ranch inland from the odlite 
zone; Rozell Point; and the southeastern shore of Promontory Point. 
The first and second localities are by far the most extensive and have 
a similar bipartite profile which could be easily studied in the summer 


‘7 Personal communication, Scripps Institution of Oceanography. 
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of 1933 with the lake level so low as to leave wide stretches of these 
areas above water. The upper layer consists of a black clay almost 
of oozy character which emits fetid and almost suffocating odors of 
hydrogen sulphide, apparently indicating bacterial decomposition of 
certain organic material embedded in it. This layer is 1-6 inches in 
thickness. At Syracuse (locality I) the organic content is 1.82+ per 
cent and at Farmington (locality J) it is 2.13+ per cent. On drying 
and powdering preparatory to analysis the black sample turned gray- 
white but it is not belieyed that much organic matter was lost in the 
process. At Johnson’s Ranch (locality O) the black layer is about 8 
inches thick and is overlain by a 3-inch layer of odlites. The black 
clay is underlain in both localities by a dull gray-green clay of unde- 
termined thickness. The organic matter in the underlying clay is de- 


cidedly less than that of the black clay. A sample collected 3 feet 


below the surface at Perry (locality H) ran only o.52+ per cent. 
Other clays of similar appearance, as the table shows, also contain 
very little organic matter. 

The origin of the black upper layer seemed quite evident in the 
field. It has the same sulphurous odor that the calcareous algal de- 
posits exhibit (see section on “Algal bioherms,”’ page 1392), and it was 
thought algae must be decaying in the surface clays, producing. both 
the odor and the black color. The writer had observed somewhat ex- 
tensive accumulations of algae, probably A phanothece Packardit, 
drifted upon the shore and other travelers had reported them 6-12 
inches deep and covering acres. Talmage**® says that the pupa cases 
of the tipula larvae “are often washed ashore in great numbers, 
where they undergo decomposition with disagreeable emanations.” 
It was also considered in the field that these pupa cases may be in 
the clay along shore. However, when the samples were microscopically 
observed in the laboratory neither algae nor pupa cases were found 
upon cursory examination but, surprisingly, a new form—abundant 
small semi-spherical chitinous-like objects about 0.15—o.2 millimeter 
in diameter. These proved to be the eggs of Artemia gracilis, the 
brine shrimp. On further examination they were found in the deep- 
lake sediments and also floating in several water samples taken from 
different parts of the lake. During the following summer (1934) many 
were observed. The discovery of these abundant forms indicates that 
the organic content of the clays may be due not only to one or two 
life forms, but to many others not yet described or identified. Specu- 
lations on the origin of color and related organic problems such as 
petroleum generation in the clays seem premature until systematic 

48 J. E. Talmage, The Great Salt Lake, Past and Present, p. 68. 
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study has been made of the life content by the limnologist and bac- 
teriologist, but some of the data, presented here, may be of aid to 
investigators of the life of the lake which appears tobe an inviting study. 

The black color is not in all places a result of the presence of or- 
ganic matter. A black clay which is found locally at Rozell Point 
is low in organic matter (0.70+ per cent) while a tan-gray clay col- 
lected in 25 feet of water east of Carrington Island in the middle of the 
lake (locality X) contains 2.10+ per cent or as much as the black clays 
along the east shore. The black clay at Rozell Point undoubtedly 
owes its color to dark minerals from basalt cliffs along the shore. The 
deep-water clay has decided sulphurous odors and probably sup- 
ports a rich bacterial flora. 

“Red beds” have often been associated with desert conditions 
and salt deposits. An interesting commentary that arises from the 
study of the sediments of Great Salt Lake is that no red sediments of 
any description occur. There are black, blue-gray, gray, gray-green, 
and tan-gray colors but no limonite or hematite reds. Some chemically 
precipitated iron must surely exist in the lake sediments because of 
the ferromagnesian minerals of the crystalline rocks that border cer- 
tain shores and that have by disintegration, decomposition, and 
transportation reached the lake waters in solution. In all the calcium 
and magnesium analyses that Gorton made of the lake sediments by 
digestion in HC/ (in tables in this chapter and others), a very per- 
ceptible iron precipitate appeared. It may not have been sufficient 
in some, even though in the ferric oxide state, to produce a conspicu- 
ous red color but in others it seemed enough. It must be concluded 
that the alkaline (pH 7.4 to 8.48) and saline waters of Great Salt 
Lake reduce the more soluble ferric compounds and prevent the ap- 
pearance of red coloring in the sediments. 

SUMMARY 

The soft plastic sediments of the lake, on a carbonate-free basis, 
are classified as clays and loams because of their high content of small 
particles. They occur in the central lake areas below a depth of 12 
feet and under shallower water in embayments protected from wave 
action, and at river mouths. 

The clays are exceptionally smooth and plastic which property is 
due chiefly to the base ions, particularly Nat, attached to the clay 
particles. In the alkaline and very saline environment of Great Salt 
Lake sodium clays result. This may not be the sole cause of plasticity 
but is a very important contributing cause.*® 


ad = communication, M. W. Senstius, University of Michigan. See also pp. 
1375-79. 
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The three groups of clays, namely, the river-mouth clays, the 
deep-lake clays, and the near-shore clays of the western division of 
the lake have approximately the following constitution and origin. 


RIVER-MOUTH CLAYS OF EASTERN DIVISION 


Per Cent 
Clastic material, chiefly clay and silt particles greater than colloidal size, 
transported by lake currents from rivers 25 
Clastic material, chiefly clay and silt particles, transported by the wind and 
deposited by lake 32 
Organic matter 
Aragonite (CaCOs) 15 
Precipitated from Dolomite (CaCO;- 2MgCOs) 5 
solution Parasepiolite (?) (2MgO- 3Si02: 4H0) 7 
Absorbed bases (Ca, Mg, Na, K) 6+ 


Precipitated from Montmorillonite (?) and other colloidal mineral 
colloidal suspension \particles, transported by rivers and lake currents 


Total 100.5, 


DEEP-LAKE CLAYS OF WESTERN DIVISION po 
‘er Cent 
Clastic material, chiefly clay and silt particles greater than colloidal size, trans- 
ported by lake currents from rivers and shore lines 
Clastic material, chiefly clay and silt particles, transported by the wind and 


deposited by the lake 40 
Organic matter 2 
Aragonite (CaCOs) 26 
Precipitated from Dolomite (CaCO;- 2MgCOs) 
solution Parsepiolite (?) (2M gO- 3Si02- 4H20) 7 
bsorbed bases (Ca, Mg, Na, K) o+ 

Precipitated from Montmortillonite (?) and other colloidal mineral 
colloidal suspension \particles, transported by rivers and lake currents 5 
Total 100 


NEAR-SHORE CLAYS OF WESTERN DIVISION — 
er Cent 
Clastic material, chiefly clay and silt particles greater than colloidal size, 
transported by offshore currents 
Clastic material, chiefly clay and silt particles, transported by the wind and 


deposited in the lake 55 
Organic matter I 
Aragonite (CaCOs) 13 
Precipitated from Dolomite (CaCO;: 2MgCOs) 6 
solution Parasepiolite (?) (2MgO- 3Si02-4H20) 6 
Absorbed bases (Ca, Mg, Na, 4+ 
ie pe from Montmorillonite (?) and other colloidal mineral par- 
colloidal suspension \ticles, transported by rivers and lake currents 
Total 100 


The percentages in the three groups of clays were computed as 
follows. The general divisions of page 1352 were used as the basis. 
Montmorillonite (?) was determined from Tables VIII and XII, that 
is, if, for sample I, montmorillonite (?) equals 27.7 per cent of the 
fine white material (Table XII), and the clay fractions of the river- 
mouth samples, H and I (Table VIII), average 21.6 per cent, then 
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21.6 per cent of 27.7 per cent equals 6 per cent of montmorillonite (?) 
for the river-mouth clays. As some of the montmorillonite (?) flakes 
are larger than clay-size and as the clastic fraction transported by 
lake currents is large, 2 per cent more has been arbitrarily added to 
6 per cent for the river-mouth sediments. This was not done in the 
other two groups inasmuch as the lake-current-transported fraction 
is small. The amount of montmorillonite (?) thus determined was sub- 
tracted from 43 per cent (for the river-mouth samples) leaving 35 
per cent for the amount of clastic material above colloidal size trans- 
ported by lake currents. 

The chemical precipitates for each group of clays were found by 
proportioning the amounts shown in Table XII into the percentage 
figures of page 1352, which show the total soluble content. In Table 
XII, sample I represents the river-mouth clays, Q and Z the deep-lake 
clays, and U the near-shore clays of the western division of the lake. 

The organic matter was taken from Table X. As organic matter 
was not considered in the general estimates on page 1352, the addition 
of this material in the more detailed tabulations brings the total per- 
centage to more than roo per cent. In order to obviate this condition 
the amount of organic matter from each group was subtracted from 
the wind-transported percentage. The wind-transported fractions are 
not very accurate and they are large enough so as not to be affected 
materially by the slight reductions involved. The procedure is in 
part justified because considerable fragmental plant material is part 
of the dust that settles into the lake. An examination of the particles 
obtained from the dust catcher erected on Promontory Point showed 
plentiful plant tissue and spores. 

The CaO: MgO ratio of the soluble contents of the river waters 
that empty into the lake is about 2.6:1. The weighted ratio of the 
same oxides soluble in weak hot HCI from all of the lake sediments is 
7.3:1. This difference can not be accounted for by continued concen- 
tration of magnesium in the lake waters, but is understood, at least 
in part, by base-ion absorption of Mgt* ions in greater proportion 
than Ca** ions in and around the various colloidal particles of the 
lake clays. 

Sodium and potassium are being absorbed likewise by the clays 
but in amounts five or six times as great. Under existing conditions 
it is possible that K+ ions may never become more concentrated in 
the lake waters than at present, although the streams continue to 
empty potassium salts into the lake. 

The average moisture content of the clays is 39 per cent on a total- 
weight basis. Compaction and dehydration appear to be occurring 
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even at shallow depths. A crude hexagonal fissure system is an inter- 
esting consequence at two places, as are also the effects of a recent 
earthquake in liberating cold salt water in fissures around an almost 
buried bedrock hill. 

The identifiable minerals are the common detrital ones, with 
quartz most plentiful. They reflect the nature of the rocks of the near- 
est shore, but probably contain some admixture from more distant 
regions by wind transportation. 

Bacteria appear to be active in almost all of the clays because of 
the sulphurous fumes emitted but the diagenic effect on the carbonate 
and organic content, and this in turn on the color and laminations, is 
not known. From samples taken at increasing depth down to 20 feet 
no change could be recognized physically or chemically except for less 
water and, under the black surface oozes, less organic content. 

The lake waters are probably reductive to iron compounds and 
prevent the appearance of red coloring in the sediments. 


OOLITES 
DISTRIBUTION 


Odlites have been collected from the lake shore since the time of 
the U. S. Geological Exploration of the 40th Parallel®® but Talmage™ 
is the only writer on the subject to note their confinement to the shore 
areas. This observation was verified by the writer in mapping the 
distribution of the different sediment types of the lake (Fig. 2). How- 
ever, not all the shores contain odlitic sand. The eastern part of the 
lake is practically devoid of it, whereas the odlites are very plentiful 
along most of the shore line of the larger western part. They have 
been thrown up in storm beaches in several places, conspicuously so 
northwest of Rozell Point (locality A) and Promontory Point (local- 
' ity E), and hence have drifted inland by the force of the wind and 
form either low sand dunes, several yards in height, or level sandy 
stretches treacherous for automobile travel (Pl. 5). 

Shore lines which face the open lake and receive the unimpeded 
waves are invariably the most favorable for odlite development. The 
largest odlites of the lake are found on a bar off. the southwest end of 
Antelope Island (Pl. 6b and locality S) which is washed by the open 
lake waves driven by the most prevailing winds, the northwesterlies. 
Ripple marks are well developed where odlitic sand exists. Dredgings 
from the lake show the sandy odlitic bottom to extend from the 


Vol. 2 (1877), Pp. 435. 
8 J. E. Talmage, of. cit., pp. 65-66: 
& J. E. Talmage, op. cit., p.€ . 
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Pt. 5a.—Storm beach and longitudinal odlitic sand dune ridge, on southwest end 
of Promontory Point. Small figure of man on dune indicates dimensions. 
b.—Oilitic sand beach at Rozell Point, locality A, Fig. 2. 


shore line lakeward to a depth ranging from 3 to about 12 feet (lake 
level, 1933). 
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PL. 6a.—Aerial view looking northwest from west shore of Promontory Range to 
Rozell Point in distance. Terraces above present shore line are those of Lake Bonne- 
ville levels. White offshore areas are chiefly odlitic sand. 

b.—Aerial view, looking north, of prominent spit of coarse odlitic sand built out 
from southwest end of Antelope Island. Promontory Range in distance. 
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PL. 7a.—Photomicrograph of odlites from locality S, Fig. 2, exterior view of odlites 
having smooth surfaces. Enlarged 15 diameters. 
a b.—Same odlites as in a but in thin section. Small odlite in upper central part 
a shows radial structure in faecal pellet nucleus. Enlarged 25 diameters and photographed 
: in reflected light. 
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Px. 8a.—Photomicrograph of exterior of mottled odlites, from locality K, Fig. 2. 
d 15 diameters. 
b.—Mottled odlites from locality R, Fig. 2. Enlarged 15 diameters. 
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DESCRIPTION 

Shape and size-—The odlites tend toward sphericity in form but 
few are truly spherical, ordinarily having one axis longer than the 
other two. This is commonly a reflection of an initially elongate 
nucleus. They range in size in long diameter from 0.15 to 1.5 milli- 
meters. The variation is, however, not this much in any one locality, 
and small odlites are found almost exclusively in one place and large 
odlites in another. The largest odlites that were found anywhere in the 
lake came from the bar on the west shore of Antelope Island already 
referred to, where the average diameter is 0.8-1.0 millimeter. At 
Johnson’s Ranch the range is 0.18-0.54 millimeter, averaging about 
0.31 millimeter. This latter figure is representative of most of the 
Great Salt Lake odlites.. Mathews® gives the size of odlites collected 
from the west shore of Stansbury Island as 0.14 to 0.63 millimeter 
(100-mesh to 20-mesh per inch). It should be noted that the size of 
the odlites in thin section is somewhat smaller than that of the actual. 
The writer’s figures were obtained by measuring the whole odlites 
with a stage micrometer using a petrographic microscope. 

Mathews® also states that the odlites increase in size the farther 
they are drifted landward by the wind and he, therefore, correlates 
size with wind activity. He measured odlites obtained from only one 
locality and neglected the storm beach with its coarser assortment of 
oélites, and may not have differentiated temporarily exposed lake 
bottom from the true beach at the “bluff line” (pp. 1315-16). The 
storm beach generally furnishes the sand for wind transportation™ 
but only the finer material is blown landward. This was observed at 
Rozell Point and the west side of Promontory Point. 

In some localities the odlites have very smooth and pearl-like 
surfaces (Pl. 7a) but others are mottled or pitted (Pl. 8). Ordinarily 
some pitted odlites may be seen among those that are pearly smooth. 

Nuclei.—In thin section, all the odlites studied consist of two 
parts, namely, the nucleus and the concentric bands or layers. In 
some the radiate structure is strongly developed through the bands. 
(Pls. 7b, 9a and b, and ro.) 

The nuclei of the odlites are mineral fragments, similar to the 
common detrital minerals in the clays, and small, opaque white 


& A. A. L. Mathews, “Origin and Growth of the Great Salt Lake Odlites,” Jour. 
Geol., Vol. 38 (1930), p. 639. 


4 The theoretical relationship for spherical bodies is: d/cos 30°=S or S=1.15470d 
where d is the thin-section diameter and S is the actual diameter. 


% A. A. L. Mathews, op. cit. 


% Personal communication from I. D. Scott, University of Michigan, who has 
studied the Lake Michigan sand dunes. 
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ga.—Large odlites showing reflection of irregular-shaped mineral fragment 
. Locality S, Fig. 2. Enlarged 35 diameters and 
b. 


in reflected light. 
—Quartz fragments which were nuclei of odlites but released by solution in HCI. 
Also clay remains of faecal pellets. From locality E. Enlarged about 60 diameters and 
photographed in transmitted light. 

c.—Faecal pellet with radiating lamination. Section is cut at acute angle to longitu- 
dinal axis of pellet. Enlarged about 60 diameters and photographed in transmitted light. 
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Pt. 10a.—Thin section of odlites shown in exterior view in Plate 8b. Secondary 
radial structure is strongly developed. Photographed in reflected light and enlarged 35 
diameters. 


b.—Thin section showing radial structure well developed in some odlites and poorly 
developed in others. Most odlites have faecal pellets as nuclei. Central odlite shows in- 


version of nuclear faecal pellet with tendency toward radial structure. Photographed in 
reflected light and enlarged 35 diameters. Locality A. 
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stubby, rod-like bodies. The rod-like bodies are the faecal pellets of 
the brine shrimp and are described in detail on pages 1401-08. Some 
of the pellets are so thoroughly radiate that the odlite may appear 
not to have a nucleus. Quartz fragments are the most common of the 
mineral particles, with orthoclase and calcite next. Surprisingly 
large amounts of the heavy minerals are present, such as ilmenite, 
magnetite, pyrite, leucoxene, and garnet. A list of the minerals identi- 
fied from each locality is shown in the chart of Table IX. Most of the 
determinations were made by W. F. Hunt of the University of Michi- 
gan. 

Plate gb shows nuclear fragments after the concentric calcareous 
layers have been removed by solution in HC/. The minerals present 
in the nuclei reflect to a noticeable degree the nature of the adjoining 


land surface. At Rozell Point the basalt cliffs have contributed small : 


basalt, hematite, and magnetite particles. On the west shore of Ante- 
lope Island mica flakes are conspicuous and come from the schists 
and gneisses that chiefly compose the island. At Promontory Point 
where the Brigham quartzite and the Algonkian(?) quartzites and 
other metamorphic rocks crop out, the mineral particles are chiefly 
quartz. 

In addition to the nucleus minerals noted by the writer, Mathews* 
has listed cinder, copper, coal, soot, and ‘“‘opaque masses.” These 
determinations have not been confirmed because Mathews’ table does 
not give the locality from which the samples were taken. 

Concentric bands. Optical properties—The concentric bands are 
white under reflected light but when viewed under the petrographic 
microscope in transmitted light are dark or black except in excep- 
tionally thin sections, indicating the bands are merely opaque. Where 
radial bars are present across the bands the opacity is lost and the bars 
‘prove to be transparent, colorless crystals that are chiefly calcite. 
C. B. Slawson of the Department of Mineralogy assisted in this de- 
termination and found the indices of the crystals that were large 
enough for positive identification identical with those of calcite. This 
index of refraction determination was not positively confirmed by the 
new microscopic test recently described by Leitmeier and Feigl,** and 
it is possible that in some of the odlites the smaller radial crystals are 
aragonite. The opaque bands, or those parts of bands remaining be- 
tween the transparent calcite or aragonite rays, are composed of cryp- 


57 A. A. L. Mathews, op. cit., p. 634. 

58H. Leitmeier and F. Feigl, ‘Eine einfache Reaktion zur Unterscheidung von 
Calcit und Aragonit,” Zeit. fiir Krist., Min., und Pet., Abt. B., Band 45, Heft 5/6 
(1934), PP- 447-56. 
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tocrystalline aragonite with occluded fine white clay. The chemical 
analyses give more information on the clay part and are referred to 
on a following page. The aragonite determination was made first by 
the simple cobalt nitrate test. Later this was confirmed by an X-ray 
analysis made by L. S. Ramsdell of the Department of Mineralogy 
of the University of Michigan. The X-ray photograph is shown in 
Plate 12c. According to Ramsdell the dark negative indicates the 
aragonite to be cryptocrystalline. 

That the primary precipitate is aragonite is in accord with beliefs 
of Johnston, Merwin, and Williamson.®® They state that alkaline 
conditions are prejudicial to the formation of calcite and consequently 
promote the appearance of the commonly less stable form, aragonite. 
Alkaline conditions prevail in Great Salt Lake, the waters having a pH 
of 7.4 to 8.4 showing an excess of OH ions.™ Another favorable con- 
dition for the formation of aragonite in nature at normal temperature, 
they believe, is the presence of saline waters containing sulphate 
ions. These conditions are also satisfied in Great Salt Lake. 

The opaqueness and whiteness of the concentric bands is due first, 
to the cryptocrystalline aragonite and second, to the mechanically 
enmeshed clay particles between the aragonite crystals. As reflected 
light reveals the chemical and optical properties of the odlites best it 
has been used in making most of the photographs in the accompany- 
ing plates. A comparison of the same odlite photographed in trans- 
mitted and reflected light is shown in Plate 11. Mathews" believed 
that the concentric rings were black and has attempted to account for 
the black coloring in them, but no black material was present in any 
of the odlites examined by the writer. 

Chemical analysis.—The chemical properties of the odlites, except 
for organic matter, are given in Tables XV—XVIII. The organic mat- 
ter of the Saltair odlites (locality K) was determined by H. E. Ham- 
mar of the American Petroleum Institute under the direction of 
P. D. Trask. It amounted to 0.54 per cent. 

The calcium and magnesium content, soluble in weak, hot HCl, 
appears to be united, without excess, with CO., and differs in this 
respect from the ciays. In fact, an excess of CO, remains when the com- 
bining ratios of MgO and Ca0 are satisfied. This is shown in Table 

§ John Johnston, H. E. Merwin, and E. D. Williamson, “The Several Forms of Cal- 
cium Carbonate,” Amer. Jour. Sci., 4th Ser., Vol. 41 (1916), p. 506. 


* Seville Flowers, “Vegetation of the Great Salt Lake region,” Bot. Gaz., Vol. 95 
(1934), P. 359. Flowers gives the pH as 8.3 but the more recent work of Bonner (see 
section on Chemistry) shows the pH to range from 7.4 at high salinity, to 8.4 diluted 
6 or 7 times. 


Op. cit., p. 634. 
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XVII. The MgO was first united with CaO and CO, on the basis of a 
dolomite having the same composition as the dolomite in the clays, 
namely, 2MgCO;:CaCO;3. No magnesium carbonate mineral was de- 
tected under the petrographic microscope but it must exist, since the 
chemical analyses show considerable acid-soluble magnesium present. 
The dolomite precipitating out of the lake waters in the clay is the 
only guide available for the calculation of magnesium carbonate in 
the odlites. 


TABLE XV 
CaO, McO, COs, Cray, AND NucLer ConTENT oF Great LAKE OdtITES 
lei 
Sample| Cao |Mgo| Co. | | 
With Ca Mineral 
Map Soluble in | and Mg | Occluded| Frag- 
Location| Weak Hot \as Arago-| in Car- | ments. Description of Sample 
HCl nile and | bonates See 
Dolomite} Table IX' 
A 6.5 5-5 | Dark gray odlites from Roze 
Point 
A: 7.2 4.8 | Light gray to pearly white 
odlites from Rozell Point 
K 45.8 | 2.0] 39.1 6.5 7.6 | Light gray odlitic sand just north 


of Saltair, water 1 foot deep. 
Foreign mineral particles re- 
moved but some small faecal 
pellets still remained 

N 48.3 | 2.3] 40.6 7.6 1.2 | Light gray odlites collected in 8 
inches of water west of Car- 
rington Island 

R 45-3| 1-5] 37-3 4.1 11.8 | Small odlites one mile SW. An- 
telope Island in 2} feet water 


S 47.0| 1.4] 38.7 11.2 | Large pearly odlites from bar. on 
SW. end Antelope Island in 1 
foot water 
Average | 46.6 | 1.8] 38.9 5.6 7.0 


. CaO and MgO analyses by K. A. Gorton, University of Michigan. The powdered odlites were treated 

with weak, hot HC/, and the Ca and Mg thus dissolved are represented. Gorton also assisted in making an 
approximate separation of the clay and nuclei which constitute the insoluble fraction in dilute HC/. The 
figures for these two fractions are approximate. The CO: figures were found by difference. They were 
checked approximately by Professor Senstius, and correspond favorably with those of Table XVI. 


After satisfying the MgO with CaO and COn:, the remaining CaO 
was united with CO, and a small amount of CO, was unused. If the 
magnesium were present as magnesite (MgCO;) then slightly less CO2 
would remain in excess. If some of the CO; came from organic matter 
(0.54 per cent present in Saltair odlites), then the CO, excess would 
be reduced still more. The significance of the apparent small excess 
of COz over the combining ratios of CaO and MgO is not known, but 
it is safe to conclude that no excess calcium and magnesium is ob- 
tained from the odlites by digestion in weak, hot HCl. However, 
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TABLE XVI 
CuHeEmicaL ANALYSIS OF GREAT SALT LAKE O6LITES 
Black Rock* Black Rock* Locality not Given*® 

Al,O; 
Kote 0.31 *.27 -20 

51-44 51-41 51.33 
MgO 1.02 -92 -72 
Na:O 0.38 
K,0 0.12 -34 
40.83 40.74 41.07 
POs 0.065 Trace 
SO; 0.55 .89 
H,0 1.78 1.28 -83 
SiO: 3.03 
cl Trace 
N 0.03 
As20; 0.012 
TiO: 0.0065 
Insoluble residue None 3.86 4.03 
Organic matter -27 

99-75 100.10 99.97 


1 By George Cronkheit. Analysis made during summer of 1935 at the University of Utah. The sam 
washed free of all a? slight trace of chlorine ions, and = ih : 


pletely free of sulphate ions, but in no 


was com, 
God Explor th Par., Vol 
4 ‘ar., . 2, p. 
3 U.S. Geol. Survey Bull. 228, p. 331. sihoas 
TABLE XVII 
CALCULATED CARBONATE CONTENT OF OOLITES 
Locality 
Mineral Oxide 
L N S 
Dolomite MgO 1.6 2.3 1.4 
(2MgCO;:CaCO;) CaO 0.6} 3.2 1.5} 7.6 0.9} 4.6 
CO, 1.6 3.8 2.3 
Aragonite CaO eS 46.8) 46.1) 
CO; 39.9/ | 36.5f 83-3 | 36.2/8?-3 
Excess CO: COz 0.92 4.1 


ca L was calculated from Cronkheit’s analysis, Table XVI, and samples N and S were calculated 
from T: XV. 


absorbed bases not extractable by weak acid treatment are present in 
the enmeshed clay complex of the carbonate bands (Table XVIII), 
and are discussed later. 

Regarding the carbonate analyses three facts are conspicuous. 
First, the carbonate content is fairly uniform in all odlite samples 
analyzed, not varying more than 3 per cent of the average (figured 
on the basis of Tables XVI and XVII). Second, the odlites contain an 
average of more than twice as much carbonate as the clays and loams 
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(odlites, 89 per cent and clays, 35 per cent, see p. 1353). Third, the 
ratio of CaO to MgO is higher for the odlites than for the clays (odlites, 
26:1 and clays, 3.3:1). 

The ratio of total carbonate (acid-soluble basis) to “occluded” 
clay in the odlites is 15.6:1. On the other hand, the plastic clays and 
loams of the lake have a ratio of about 2:1 (see p. 1349). The clays, 
therefore, contain about 7 times as much fine white material (the 
clay complex) as the odlites. 

ORIGIN 

The origin of«the concentric odlites of various parts of the world 
and of various geological ages has received much attention. The pres- 
ent inquiry draws freely from the observations and conclusions of 
investigators of various odlitic deposits but, at the same time, the 
theory of origin presented is proposed solely for the odlites of Great’ 
Salt Lake. 

Summary of descriptive facts ——The facts believed relevant to a 
theory of origin may be summarized as follows. 

1. Odlites are found only along the shore lines. They form a zone 
extending lakeward into water ranging in depth from 3 to 12 feet 
and in some places landward as far as 0.5 to 1 mile. This latter dis- 
tance does not include the stretches laid bare by recession of the lake 
—it represents the distance beyond the bluff-line,—where the odlitic 
sand has been blown by the wind (pp. 1315-16). 

2. The shores where odlites are most plentiful are those exposed 
freely to the open lake where large waves are active. Other shore lines 
not exposed to the open lake or those along the shallow eastern part 
either have very little odlitic sand or none at all. 

3. Well developed ripple marks are invariably found where odlitic 
. sand exists. 

4. The more vigorous the wave activity the larger and more 
typically developed the odlites and ordinarily the cleaner the odlitic 
sand. 

5. Physically the odlites consist of two parts, nucleus and concen- 
tric layers about the nucleus. 

6. The nuclei consist of mineral particles, chief of which are quartz 
and small rod-shaped forms—the faecal pellets of the brine shrimp, 
Artemia gracilis. The mineral grains are rarely frosted, commonly 
angular, and their unequal dimensions are reflected in the shape of the 
odlite, but the concentric layers each in turn gradually subdue the 
original nucleus shape. The nucleus minerals conspicuously betray the 
mineral composition of the neighboring landmass, but there is thought 
to be some regional admixture of wind-blown material. The size of the 
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nuclei varies approximately in inverse proportion to distance from 
the source rock—the smaller the nuclei, the farther away from shore. 

7. The concentric layers are white and quite opaque, except in 
exceptionally thin sections. Many, but by no means all, of the white 
opaque layers are intersected and traversed normally by radiating 
rays of a colorless, transparent mineral, ordinarily calcite but prob- 
ably in part aragonite in some odlites. The rays may be confined to 
certain layers, commonly the inside ones, leaving others, ordinarily 
the outer, entirely dense. 

8. The size of the odlite depends on the size of the nucleus, the 
number of concentric layers, and the thickness of the layers. The size 
of the nucleus is somewhat related to shore conditions. Larger nuclei 
are found close to steep shores like those of Antelope Island than along 
very gentle sloping shores like those of Saltair. 

g. The concentric layers consist of about 84 per cent of CaCOs, 5.5 
per cent of 2MgCO;-CaCOs, and 5.6 per cent of very fine clay. The 
dense carbonate mineral is cryptocrystalline aragonite. The small 
amount of MgCO; probably exists in the state of dolomite in mechani- 
cal admixture with the aragonite because the magnesium atom is too 
large to fit into the space lattice of either calcite or aragonite.” The 
composition of the dolomite in the odlites is not known but is assumed 
to be the same as in the clay, viz., 2MgCO3-CaCO3. 

10. The radiating, transparent crystals are probably calcite. They 
are free or nearly free from clay. Single crystals commonly transgress 
many concentric layers but again may terminate abruptly against a 
surrounding layer. 

11. The odlites are either pearly smooth on the outside surface or 
are mottled to various degrees. The odlites from some localities are 
mostly smooth whereas from others they are mostly mottled. 

12. Those odlites in which radiate structure is highly developed 
and extends to the surface are the most mottled. Conversely, those 
having dense white layers on the outside possess smooth pearl-like 
surfaces. 

Physical chemistry of carbonate accretion.—From facts 1, 2, 3, and 
4 it is evident that the origin of the odlites is to be correlated with 
somewhat vigorous wave activity, particularly the oscillatory motion 
at the bottom. It has also been shown that calcium and magnesium 
carbonate are being precipitated on the lake bottom. These two proc- 
esses are believed to work together to build odlites. The carbonate is 
first precipitated as minutely small crystals near the surface of the 


® Personal communication from L. S. Ramsdell, Department of Mineralogy, 
University of Michigan. 


{ 

| 

| 
4 

| 


SEDIMENTS OF GREAT SALT LAKE, UTAH 1373 


water because of evaporation (see section on chemistry). These car- 
bonate crystals sink and on reaching the bottom are more soluble than 
the larger particles (the odlites already in process of growth) and 
are redissolved. At the same moment molecules of carbonate come 
out of solution and build on the larger particles which are less soluble. 
The theory involves the phase rule and is based on the observation 
of variable solubility of a substance depending on the degree of com- 
minution.™ When the grain size of CaCO; particles is less than 2 milli- 
meters the solubility noticeably increases. In other words, when a 
solution is saturated with respect to fine grains, it is supersaturated 
with respect to larger grains. The larger particles grow at the expense 
of the smaller. Both algal photosynthesis and bacterial metabolism 
may alter the pH of the lake waters and result in carbonate precipi- 


tation. These undoubtedly are contributing factors but the extent to | 


which they are operative in the areas of odlite growth can not be 
determined until further work on the lake flora has been done, and 
it is not essential to invoke their aid. 

The constant agitation by the waves of the odlites or sand par- 
ticles in the troughs of the ripple marks, which are everywhere a part 
of the odlitic sand deposits in Great Salt Lake, causes them to be 
rolled over and over, each time exposing new surfaces for accretion 
of carbonate molecules. Layers of uniform thickness are thus built 
up. The constant agitation prevents supersaturation to any great ex- 
tent but works toward equilibrium in immediate response to concen- 
tration and precipitation as effected by evaporation. 

Distinct layers instead of one continuous “growth ring” are the 
rule because of seasonal climatic variations which alter the rate of 
carbonate precipitation. In the section on chemistry it was concluded 
that the period of maximum CaCO; precipitation coincides with the 
period of greatest evaporation, namely, from June to November. The 
period of the year from February to May, during the maximum inflow 
with resulting dilution, will be one of little or no precipitation of 
CaCO; in most parts of the lake. In fact, some solution of the smallest 
crystals might occur. This period of much slower growth or no growth 
at all of the odlites probably produces a different texture on the outer 
surface. Such a feature, combined with the development of a second- 
ary radial structure discussed later, produces distinct rings or layers. 

The annual cycles of carbonate precipitation may be superposed 
on larger ones of 30 to 45 years duration (Fig. 3). With rising lake level 
over a period of years the water volume increases and the salinity de- 

% G. A. Hulett, Zeit. Physical Chem., Vol. 37 (1901), p. 385. 

Julius Pia, Binnengewiasser,” Kohlensiure und Kalk, Band’ 13 (1933). 
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creases. Although the solubility of CaCO; decreases with decreasing 
salinity, the greater volume of water more than offsets the decreasing 
solubility factor and a greater amount of CaCO; remains in solution 
than in less volume and greater salinity (see pp. 1326-28). Each sum- 
mer during the evaporation hemicycle, as- part of a major hemicycle 
of lake rise, only a part of the carbonate will be precipitated that was 
brought into the lake by the rivers during the maximum inflow 
period. This should result in thinner concentric layers on the odlites 
during a general rise of the lake level and thicker layers during a time 
of general recession. The deduction may find confirmation in the well 
developed and in many places beautifully layered odlites found on 
present shores, after the last 15-year period of lake-level decline. 

Contrary to Mathews” conclusion that “soot particles” from 
Salt Lake City during the winter time produce the rings, the writer 
failed to discover any soot and suggests that Mathews’ “soot par- 
ticles” were probably the white opaque layers which appear quite 
black in transmitted light. The same layered structure exists in the 
odlites in the north end of the lake, about 100 miles from Salt Lake 
City, as at Saltair which is only 18 miles away. 

Mathews believed that the odlites originate by wind activity on 
the ‘‘mud flats” beyond the water’s edge where it was thought “‘capil- 
lary water” on evaporation would deposit a film of carbonate about 
the nucleus. Wind does not drift sand or silt on moist surfaces,” and 
so it appears to the writer that capillary water could, at best, cement 
the particles together. NaCl is the chief salt in solution in capillary 
waters of the lake bottom exposed during periods of low lake level. 
It forms extensive crusts during the hot summer months. These crusti- 
form NaCl deposits make improbable the process of odlite formation 
that Mathews proposes (PI. 4b). 

Mechanical relation of clay to carbonate.—The clay is probably not 
in chemical combination with the calcium and magnesium carbonate. 
When the carbonate is dissolved with dilute HCI the clay is liberated 
as a fine, light, flocculent material which settles slowly, suggesting 
that the clay may be mechanically enmeshed in the carbonate crys- 
tals and (or) that a hydrous magnesium silicate has been broken down 
to colloidal silica by the acid (see section on origin of clays). Hereto- 
fore, where the term “occluded” has been used, the idea of ‘‘mechani- 
cally enmeshed” is inferred. Enmeshing is mentioned in the discussion 


% Op. cit., p. 634. 
Personal communication, I. D. Scott, Department of Geology, University of 
Michigan. 
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of the supposed CaCO; form, “‘Vaterite,”’ in which Johnston, Merwin, 
and Williamson® come to the conclusion that the substance 

consists essentially of radiating prisms of calcite too fine to be resolved by the 
highest powers of the microscope; the individual calcite fibers are not all in 
actual contact—for, when crushed, the aggregates fall apart along radial 


lines—the water (and other impurities) is merely enmeshed in the very small 
interstices among the fibers. . . 


These authors were not sure whether the sub-microscopic fibers are 
calcite or aragonite. A certain experiment suggested aragonite as the 
original form reverting to calcite®* later. The present writer believes 
the clay to be enmeshed between small aragonite crystals in a similar 
manner. When the odlites of the Great Salt Lake are viewed in po- 
larized light the well crystallized or distinctly rayed bands form an 


extinction cross indicating, as the structure suggests, that the calcite . 


fibers are almost parallel to their neighbors but at the same time per- 
pendicular to the quasi-spherical surface of the odlite. If bands which 
are progressively less distinctly crystallized are observed for the prop- 
erty of extinction it will be noted that there is a gradual transition 
to ones that are opaque or “‘amorphous.’’®* It would be impossible to 
distinguish, then, those bands that have radial structure from those 
that do not. In fact, it is here suggested that the original form and po- 
sition of the acicular aragonite crystals is normal to the surface on 
which they grow. Sorby” postulated an antithetical orientation of the 
aragonite crystals in the pisolites from Carlsbad which grow as if 
minute needles of aragonite were laid tangential to the surface. His 
postulation made in 1879 is based on no tangible evidence as far as 
the writer can discern. 

The X-ray photographs indicate the aragonite to be definitely 
crystalline but probably submicroscopic or cryptocrystalline. 

The ratio of the inclosing carbonate crystals to the enmeshed clay 
is 15.6 to 1. More clay than this would, perhaps, prevent sufficient 
interlocking of the aragonite crystals to form a crystalline texture 
with appreciable solidity. It will be remembered that the plastic 
calcareous lake clays contain seven times as much of the fine, white, 
flocculent clay complex as do the odlites which together with high 
moisture content may prevent crystallization and hardening. 

67 John Johnston, H. E. Merwin, and E. D. Williamson, ‘“The Several Forms ot 
Calcium Carbonate,” Amer. Jour. Sct., 4th Ser., Vol. 41 (1916), p. 488. 

68 Since the X-ray method was not used, the determination was not positive. 

6° Johnston, Merwin, and Williamson, op. cit., pp. 490-91. 

70 Sorby, Quar. Jour. Geol. Soc., Vol. 35 (1879), p. 56. 
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Chemical relation of clay to carbonate——The colloidal status of the 
fine, white, kaolin-like clay of the concentric bands may be specula- 
tively deduced but experimental work by the colloidal chemist has 
not yet proceeded far enough in the system involved to allow final 
conclusions to be drawn. Any particle less than 350 microns in the 
odlites falling from the atmosphere or washed by streams into the 
lake will have a negative charge and will become surrounded by the 
cations of the brine.” Since these are mostly Na* ions with a small 
percentage of Mgt* and Cat* ions, the clay particle, according to 
soil chemists,” would appear in its simplest form as shown in Figure 6. 


\\Na* 
PARTICLE 


Na Nat Na 


Fic. 6.—Physical conception of clay particle in waters of Great Salt Lake. 


The clay particle with its cations may be regarded as a kind of 
salt in which the colloidal clay particle is the anion. 

Certain cations may replace others making the clay more floccu- 
lent. The cation replacement is known as “base exchange.” The speci- 
fic precipitating order of various cations on certain suspensions have 
been determined and such a series is known as lyotropic. For clay sus- 
pensions the lyotropic series for cations is as follows. 

Fe, Al, Ba, Ca, H, Mg, K, Na, Li.® 

In great Salt Lake, “sodium type” clays are very plentiful and are 
characterized by their smooth sticky nature and their alkaline re- 


1 J. C. Ware, The Chemistry of the Colloidal State. John Wiley and Sons (1930). 


7 N. M. Comber, An Introduction to the Scientific Study of the Soils, p. 93, Edward 
Arnold and Company, London (1927). 
M. W. Senstius, personal communication. 


73 M. W. Senstius, personal communication. 
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action (pH 7.4 to 8.4). The clay particles that became enmeshed 
in the carbonate crystals of the odlites accordingly probably existed 
also as sodium clay particles before occlusion. 

The following laboratory experiment was performed on the oc- 
cluded clay of the odlites in order to determine the flocculating or dis- 
persing effect of the Mgt* and Cat* ions in Great Salt Lake water. 

The enmeshed clay from some odlites (locality B) was isolated and 
washed free of Cat*+, Mg**, and Nat, and most all H* ions. The clay 
was treated with NaOH until a pH slightly in excess of 8.4 was ob- 
tained. In this condition the clay particles were surrounded with Nat 
(a few H+ may still have been present) in a solution of about the 
same alkalinity as Great Salt Lake. There were, however, no Catt 
and Mg** ions as in the lake, and also fewer Na* ions. The pure so- 


Lake water (a check sample was kept for comparison) and evaporated 
to the concentration of the lake water. The check sample cleared in 
about 48 hours while the sample to which Great Salt Lake water was 
added cleared in 1 hour. The Mg** and Cat* ions appear to have dis- 
placed some of the Nat ions and hurried precipitation of the clay 
particles. 

In view of the previous comments regarding the “‘lyotropic series” 
and “‘base exchange”’ of cations on clay particles it follows that the 
Ca** and Mgt ions, while precipitating as the chemical compounds of 
calcium and magnesium carbonate, and building the minerals arago- 
nite and dolomite, will attract and precipitate the sodium clay particles 
which remain for various lengths of time in suspension. This is a con- 
tinuation of the precipitating process already begun by the Mg** and 
and Ca** ions in solution but the electrical and ionic interfacial] rela- 
tions and changes are too complex and too little agreed upon to per- 
mit further statements at present.“ The premise seems warranted, 
however, that the aragonite surface will attract and hold the clay 
particle in the presence of the brine. The aragonite crystals are 
thought to be firmly attached to the odlite surface and while rolled 
back and forth by the waves, they become coated with films of clay 
particles smaller in size than 350 microns (see the following section on 
“Enmeshed Clay”). On the other hand, the clay particles may be 
coated with films of aragonite and dolomite crystals. In either case 
the clay particles would be in no way fundamental to concentric 
growth and their presence is due to ionic attraction and occlusion. 
They add to the whiteness and the opacity of the bands, however. 


™ Personal communications from M. W. Senstius and K. Fajans, University of 
Michigan. 


dium clay solution was treated with about one volume of Great Salt’ 
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By means of the same process that results in the coating of the 
growing aragonite crystals with fine clay particles, here and there 
small organic particles probably also become enmeshed in the bands 
of the odlites. Trask’s analysis (p. 1364) reveals a small amount of 
organic matter in the odlites (o0.54+ per cent). It is believed that this 
organic content existed as individually suspended particles in the salt 
water much as the clay particles or any other disperse phase in an 
electrolyte, and through the process of base exchange, as with the clay 
particles, it became part of the film about each aragonite crystal of 
the growing odlite. The odlite sand bottom is adverse to blue-green 
algae attachment and none is found in the sand except a few hapless 
floaters. They are definitely not attached to the odlites or are the 
odlites embedded in ‘the gel of the algae. The decaying algae, or per- 
haps even the live algae, may contribute small amounts of organic 
matter to the salt water which, through base exchange, may become 
part of the odlites. 

Likewise, individual and free-swimming forms, such as the bac- 
teria,”* amoeba, and flagellates may possibly find attachment on the 
oélites but the agitation of the waves constantly rolling the odlites 
back and forth would be unfavorable to these organisms. No sulphu- 
rous emanations are given off from the odlitic sand as from the bottom 
clays and bioherms. This does not suggest an abundant bacterial flora 
in the odlitic sand. The bacteria, as the algae, may contribute minute 
particles of organic matter to the salt water in which form, if nega- 
tively charged, they would act the same as the clay particles and 
could become part of the odlites. The organic particles were too small 
to be observed in the odlites with about 400 times magnification. 

Constitution of enmeshed clay.—The enmeshed clay particles range 
in size from less than 1 micron to 350 microns. Particles larger than 
350 microns are seldom present and are either greater than the col- 
loidal size for sodium chloride suspensions or too large to become en- 
meshed in the aragonite crystals. The “‘ultra-clay” particles which 
remained in suspension were generally smaller than 1 micron and 
exhibited Brownian movement very strikingly. An X-ray analysis 
by Ramsdell of the fine, settled clay shows weak quartz lines and one 
or two other anomalous ones. The silica content is, therefore, promi- 
nent but by no means the only crystalline substance present. 

Peck of the Department of Mineralogy, University of Michigan, 
kindly studied the clay material with index liquids and found one 


* According to Claude E. ZoBell of the Scripps Institution of Oceanography, in 
personal correspondence, the lake even at high salinities supports a rich indigenous bac- 
terial flora. Most of the bacteria are periphytes which grow only when attached to 
some solid surface. 
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group of grains having an index of about 1.51 and another of about 
1.54. The material of index 1.51 is so fine as to appear non-crystalline. 
It may be one of the bentonite minerals and for purposes of calculat- 
ing the chemical analysis (Table XVIII) it -has been assigned a com- 


TABLE XVIII 
CHEMICAL AND MINERALOGICAL ANALYSIS OF ENMESHED CLAY IN OGLITES 


Locality A 
Constituent Per Cent Mineral 
SiOz 64.11 || Quartz grains SiOz 100.0 15.00 
(includes 6.78 || Colloidal silica(?) | 100.0 27.79 
“ 
(totaliron)} 3.42 Montmorillonite | SiO, 66.3 | 14.32 
MgO 9-73 || (?) Al,O; 22.1 | 4.78 
CaO 1.27 || 896 CaO 1.9 | 0.41} 21.60 
Na,0 12.30 || MgO _ 5.8] 1.25 
K:0 2.04 ||P FeO; 3.9 | 0.84 
P05 0.16 
COz ©.30 || Orthoclase and albite 66.7 7.00) 
(1:1) Al,O; 19.0 2.00| 
K:0 8.4 | 0.88f 
Na.O_ 5.9 0.62} 
Aragonite CaO 56.0] o. 38\ 
CO, 44.0] 0.30 0.68 
POs 42.3 | 0.16 
Apatite CaO 55.5 | 0.21} 0.39 
F(?) 3-8 | 0.02 
Fe,O; as hematite, mag-| 100.0 2.58 
netite, and in ferromag- 
nesian mineral grains 
Excess oxides CaO 0.27 
(mostly absorbed bases} MgO 8.48 - 
in colloidal claycom- | Na20 11.68 “59 
plex) 1.16 
Total 100.10 Total 100.13 


position of montmorillonite (see section on clays). The material of 
index 1.54 is also too fine for confirmatory optical tests, but the index 
and the X-ray analysis indicates quartz. There were also many very 
small individual grains of feldspar and quartz. 

The enmeshed clay was analyzed chemically, the results of which 
are shown in Table XVIII. , 

The Al,O; was spread between known feldspar and the bentonite 
mineral, supposedly montmorillonite, so that enough feldspar was 
present to equal approximately the amount of free quartz. The small 
amounts of CO, and P20; were satisfied with CaO, to form aragonite 
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and apatite. No attempt was made to calculate the FeO; in terms of 
ferromagnesian minerals but it was considered to be present as hema- 
tite or magnetite because brown opaque grains could be discerned. 
About twice as much silica was assigned to the very finely crystalline 
material of index 1.54 as clastic quartz fragments, because the quartz 
fragments appeared less plentiful under the microscope. The material 
of index 1.54 may have been parasepiolite before treatment with HCl 
(see section on clays). The constitution of the enmeshed clay complex 
of the odlites, as shown in Table XVIII, is therefore, at best an ap- 
proximation, but in light of available data it is probably not greatly 
in error. Greater complexity than simplicity can be anticipated. The 
colloidal (?) silica—before acid treatment, parasepiolite (?)—as part 
of the “enmeshed” clay adds complexity to the clay-carbonate rela- 
tionship. Parasepiolite is probably a true chemical precipitate in 
Great Salt Lake together with aragonite and dolomite, and its col- 
loidal properties and base ion associations are not known. Colloidal 
silica (?) constitutes about 28 per cent of the enmeshed clay, and if 
united with magnesium would make up about 40 per cent. The total 
parasepiolite (?) content of the odlites would then be 4o per cent 
X 5.6 per cent (amount of enmeshed clay, p. 1371) = 2.2 per cent. 

A large amount of Ca, Mg, Na, and K apparently remains in ex- 
cess after the other various oxides have been satisfied. Mg and Na are 
surprisingly plentiful. This is another interesting relationship that 
will bear further study by the colloidal chemist. 

Radial structure.—The following observations seem germane to 
the origin of radial structure in the odlites. 

1. The same radiating calcite crystals sometimes pass through 
two or more concentric bands (Pls. 7, 10, and 12). 

2. Part of an individual layer may be radially crystallized and the 
other part not (Pl. 12a). 

3. The older inner layers are ordinarily the most conspicuously 
radiating. The newer outer layers are ordinarily dense and opaque 
(Pl. rr). 

4. Some odlites well crystallized and radiating throughout with 
only ghost layer lines may be cemented together with new layers 
(Pl. 12a). The newer outer bands are dense or only slightly crystal- 
lized in distinct contrast to the older radiating bands. 

5. Many rods or faecal pellets of the brine shrimp which originally 
lack any trace of optical continuity are strongly radiate where serving 
as odlite nuclei (Pls. 9a, 13b). 

All these facts indicate a secondary, later origin of the radiating 
structure. The writer believes that the submicroscopic, outwardly 
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PL. 11a.—Photomicrograph of a group of odlites in transmitted light. Enlarged Z Q 
60 diameters. 
b.—The same as a in reflected light. ay 
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PL. 12a.—Photomicrograph of odlites, faecal pellets, and groups of both cemented 
together by new laminae. Enlarged about 35 diameters. 
= b.—Photomicrograph of thin section of mottled odlites shown in exterior view in 
as Plate 7b. Locality R. Enlarged 35 diameters and photographed in reflected light. 
, c.—X-ray p ‘eae of white bands of odlites (top) against check sample of 
aragonite (bottom). By L. S. Ramsdell. 
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PL. 13a.—Megascopic view of four pieces of “hydrogenic shingle.” 
b.—Photomicrograph of thin section of shingle showing cemented odlites. Note 
radial structure of some faecal pellets. 
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oriented, aragonite crystals revert to the more stable form calcite and 
in so doing unite, forming much larger crystals, such that they are 
easily visible under the microscope. The larger crystals are in bundles 
radiating from the nucleus. The enmeshed clay has either been con- 
centrated along the sides of and between the cone-shaped, radiating, 
crystal bundles or along the contacts between laminations. The in- 
version process stimulates aragonite crystals in adjoining bands to 
invert and merge with those already well developed. The calcite rays 
or bundles then extend through two or more layers. Unless new con- 
centric layers of cryptocrystalline aragonite with occluded clay are 
added, the entire odlite tends to become coarsely radial in structure 
with ghost lines of the former concentric layers as the only evidence 
of former banding. 

In the inversion of aragonite to calcite there is an increase in vol- 
ume of 8.26+.05 per cent. The only direction that the expansion can 
take is outward, thus directing the enlarging calcite crystals to radial 
orientation. In the faecal pellets the direction of expansion upon in- 
version is radial although the original submicroscopic aragonite crys- 
tals are not known to have any definite orientation. 

Where the bundles of crystals extend to the surface a slight bulge 
is commonly produced (Pl. 10 and 12b), and the clay is segregated in 
the regions between the bundles, making the inter-ray regions whiter. 
This indicates that when recrystallization with inversion has reached 
the surface of the odlite it becomes irregular both in relief and in 
color, producing the mottled or speckled appearance previously de- 
scribed (Pl. 8). The nature of the surface of the odlites is a reflection 
of the internal structure. If a new outer layer has been deposited and 
has not yet developed radial crystals the surface is smooth and pearly 
white. If crystallization reaches the surface it becomes mottled. 

Since the new aragonite-calcite test by Leitmeier and Feigl indi- 
cates that some of the rays may be aragonite, the secondary develop- 
ment of radial structure may be due in some odlites to recrystalliza- 
tion without inversion. 

The theory of secondary origin of the radiating crystals has been 
suggested by Twenhofel” who examined some odlites from a water 
boiler which at first were concentric but some months later had 
evolved a radial structure. 

Previous work.—Rothpletz” was the first to propose a theory for 
the origin of the Great Salt Lake odlites. He believed their formation 
to take place in the gelatinous masses of the algae which he identified 

% Op. cit., p. 764. 

7 A. Rothpletz, “On the Formation of Odlite,” Bot. Centralb., Nr. 35 (1892). 
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as Gloeocapsa and Gloeotheca (now known as A phanothece Packardii). 
From the writer’s observations he is certain that if Rothpletz found 
an algal colony in which even a single odlite grain was embedded, it 
must be rated as a very rare occurrence. The algae of Great Salt Lake 
build calcareous tufa-like deposits (pp. 1392-1401) and must have 
a permanent base for attachment which the shifting and rolling 
odlites do not afford. The algae are found only as drifting forms here 
and there in the areas of the odlitic sand. 

Seward’ states that the Great Salt Lake odlites are covered with 
the cells of Gloeocapsa and Gloeotheca and that sections of the odlites 
show these forms to be present in the interiors. The writer was unable 
to duplicate this observation in any specimen from the entire lake 
and, therefore, feels that Seward must have dealt with a contaminated 
sample of odlites. 

Mathews’ study of the odlites of Great Salt Lake has been referred 
to. It is believed incorrect in regard to the subaerial growth of the 
odlites by surface evaporation of capillary water in the production of 
the concentric laminations; but correct as far as it goes concerning 
the secondary nature of the radial] structure. 

A colloidal origin for calcareous oélites in general has been pro- 
posed and discussed by several writers.” For a summary of the ideas 
advanced the reader is especially referred to the publication of W. H. 
Bradley who concludes that some colloid must exist in the water 
covering the odlites for the formation of concentric laminations. The 
colloid need not be present in such quantity that the viscosity 
of the liquid is sufficient to suspend the odlites but only in very small 
amounts such that the liquidity of the medium is little affected. The 
colloid is believed to serve as a binding material and is mechanically 
enmeshed in the acicular crystals of calcite or aragonite. The colloidal] 
binder changes later by coagulation and dehydration to the solid 
state. The various colloids believed instrumental in forming odlites 
of various localities and geologic ages are a “nitrogenous organic sub- 
stance,” ferric hydroxide, silica, algal gelatine, or “some of the prod- 
ucts of decomposing organic matter so dispersed that they would not 
increase the viscosity of the solution enough to hold nuclei and small 


( on” C. Seward, Fossil Plants, Vol. 1, pp. rey Cambridge University Press 
I 


79 Heinrich Schade, Entstehung der und ahnlicher konzentrische 
geschichteter Steine organischen und cee Ursprungs,” Zeit. Chemie und 
Industrie der Kolloide, Vol. 4 (1909), pp. 263-5. 

W. H. Bucher, “On Odlites and Spherulites,’ ’ Jour. Geol., Vol. 26 (1918), p. 603. 

W. H. Bradley, “Algae Reefs and Odlites of the Green River Formation,” U. S. 
Geol. Survey Prof. Paper 154-G (1928), pp. 221-22. 

W. H. Twenhofel, Treatise on Sedimentation (1932), p. 768. 
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odlite grains suspended.”’ However, the exact mechanics of the par- 
ticipation of such colloids in the building of concentric laminations, as 
Bradley postulates, is not clear to the writer. As the odlite environ- 
ment in Great Salt Lake can be ascertained with considerable preci- 
sion and the processes leading to their growth fairly well deciphered, 
inorganic precipitation of calcium and magnesium carbonate and 
a “base exchange” relation between the colloidal clay particles and 
the aragonite crystals seems the logical theory of origin of the Great 
Salt Lake odlites. Such a theory may not apply, however, to odlites 
of other places and times. 
SUMMARY 

A summary of descriptive facts of the odlites has been given on 
pages 1371-72. The reader may wish to glance over these pages again 
before continuing with the following summary of odlite growth. 

The precipitation of calcium and magnesium carbonate from the 
lake brine in the areas of odlite occurrence is the result chiefly of 
evaporation. The larger particles of carbonate grow at the expense of 
the smaller or those in the incipient stage of crystallization. Carbonate 
molecules will deposit directly from solution on the surface of an 
odlite or some mineral fragment because calcite or aragonite crystal- 
lizes readily not only on carbonates but also on most silicate minerals. 
These carbonate molecules build acicular, submicroscopic crystals of 
aragonite with dolomite crystals interspersed, all probably oriented 
normal to the surface of attachment. The Ca** and Mgt ions of the 
carbonate crystals attract and precipitate clay particles less than 350 
microns in diameter from suspension through some process of ionic 
exchange, forming films or coatings of clay on the exposed crystal 
faces. The clay thus becomes entrapped along the sides of the growing 
fibrous crystals. A small amount of organic matter becomes occluded 
in the same way. Constant agitation by the waves in the troughs of 
ripple marks exposes all parts of the odlite surface equally to accre- 
tion of the carbonate and clay and removes any excess clay that might 
settle. If it were not for the waves a plastic carbonate clay would 
probably result. There are alternately periods of slow and rapid ac- 
cretion which are seasonal. The most rapid growth occurs in the late 
summer and fall, the time of greatest evaporation. This cyclical varia- 
tion in rate of growth produces distinct laminations, which because 
of the clay-coated surfaces of the cryptocrystalline aragonite and 
dolomite crystals are dense white and nearly opaque. 

The development of conspicuous radial structure follows the early 
formation of the submicroscopic aragonite and dolomite crystals. The 
aragonite, an unstable form, inverts to calcite when surrounded by 
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new laminations and removed from the environment of the salt water 
in which it formed. It may, however, simply recrystallize. With the 
inversion or recrystallization there is also merging of the crystals until 
they become visible under the microscope. Certain of the bands invert 
better or more rapidly than others, thus accentuating the concentric 
structure. Crystals from one band commonly unite with those of 
adjacent bands and some radiate through several layers as bundles of 
fibrous crystals. The dolomite crystals do not invert but probably 
take part in the merging process. The clay is pushed either to the 
side of the forming radiate bundles of clear calcite, aragonite, and 
dolomite crystals, producing dense white inter-ray regions, or to the 
contacts of laminations. The calcite crystals must grow in radiate 
structure because the only relief of pressure is outward when the in- 


crease of 8.2 per cent in volume, which accompanies the inversion, ° 


occurs. Inversion, recrystallization, and merging may extend to such 
a degree that the whole odlite is radiate with only ghost lines of the 
former concentric layers remaining. 

If the bundles of radiate calcite and dolomite crystals extend to the 
surface they produce slight irregularities in relief due to their expan- 
sion and also a concentration of dense white in the inter-ray areas. A 
mottled and pitted surface is thus imparted. If a new layer of arago- 
nite crystals and clay has just been added the odlite appears pearly 
smooth. 

The inversion process also proceeds in many brine shrimp faecal 
pellets after envelopment by the concentric bands. Concentric band- 
ing is absent in the pellets. They are of organic origin when viewed 
as faeces but the radial structure is entirely an inorganic phenomenon. 

The limit in size to which an odlite may grow is chiefly a function 
of wave effectiveness in rolling it about on the lake bottom. The more 
vigorous the wave activity the larger the particle that can be moved. 
Another less important factor is the influx of new nuclei for the for- 
mation of more odlites which eventually bury the older ones and re- 
move them from wave activity. 


HYDROGENIC SHINGLE AND GRANULE SANDS 
HYDROGENIC SHINGLE 


Several of the beaches of Great Salt Lake are strewn with flat 
pebbles or cobbles that strikingly resemble shingle. Such material is 
common along the west shore of Antelope Island, Rozell Point, and 
especially the southwest shore of Promontory Point north of the Lucin 
Cut-Off. The southwest shore of Promontory Point has a zone several 
miles long and fully } mile wide fairly well paved with the shingle. 
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There are no cliffs from which the material could have been eroded, 
and on examination it is found to consist of odlites cemented to- 
gether like pieces of sandstone. A few of these flat forms are shown in 
Pilate 13a. In certain locations the cementation is poor and the frag- 
ments are friable; in others the bond is good and they are quite firm 
and hard. Microscopic examination shows the cement to be aragonite 
or calcite (Pl. 13b) and it must come from the same waters as the 
CaCO; of the odlites. The pebbles and cobbles, therefore, can not 
properly be called clastic shingle because they do not represent flat 
fragments of previously existing rock, whose edges have subsequently 
been rounded by wave erosion. The fragments have been built chiefly 
by precipitation from solution; they are accumulative, not erosional 
forms. The adjective “‘hydrogenic’’® is used to qualify the term 
“shingle” to distinguish the Great Salt Lake forms from the common 
shingle of most beaches. 

In order that odlites may become cemented together the odlitic 
sand must remain undisturbed by wave activity for some time. If 
cementation just begins during a brief interim of quiet water condi- 
tions, the next storm will disrupt the bond and normal odlite growth 
will proceed. If, however, cementation of the surface odlites into a 
thin crust is thorough enough, the storm may merely break the crust 
into chips which, persisting through the storm as at times they must 
do, will strew the storm beach and shallow offshore bottom wich tie 
shingle-like fragments. As shown in Plate 13b the fragments range in 
size from 2 to 6 inches. 

Specimens of hydrogenic shingle taken from Rozell Point do not 
contain odlites but are composed of numerous mineral grains ce- 
mented with CaCO; in which much clay is occluded. In some speci- 
mens the bond is dense and opaque white but in others it is crystalline 
and only clouded with clay. The mineral fragments range in diameter 
from 0.04 to 0.15 millimeter. This type of shingle may have formed by 
cementation of a thin upper crust of clay bottom such as exists in the 
vicinity of the oil seeps, to be broken up into chips later by storms. 


GRANULE SANDS 


There is much coarse sand in the storm beaches of Rozell Point 
(locality B) that must have been derived from wave action on the clay 
type of hydrogenic shingle. The grains range from 1 to 5 millimeters 
in diameter, are pearly smooth and rounded and in thin section are 
the same as the non-odlitic shingle. External and thin-section views 
of these large sand particles are shown in Plates 14 and 15. 


80 See Grabau, Principles of Stratigraphy, p. 283, for classification. 
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At several localities where odlites were collected, particularly at 
Black Rock (locality L), very irregular, somewhat nodose, white 


PL. 14.—Non-odlitic sand granules, a.—Exterior view, a 25 diameters. 
b.—Thin-section view in reflected light, enlarged 35 diameters. Much fine white 
colloidal clay is occluded in carbonate. 


grains were found in the sand. Plate 15 is a photomicrograph of these. q 
They generally consist of two to six odlites very firmly covered and 4 
cemented together with opaque white CaCO; and occluded clay. They 
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PL. 15a.—Thin section of sand granule. Odlites are cemented together in matrix 
of calcareous material with occluded clay. Locality A. Enlarged 15 diameters. 
b.—Exterior view of sand granules among odlites. Granules consist of three or four 
= cemented together by new laminations, same as those of odlites. Enlarged 15 
jiameters. 
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PL. 16a.—Salt-crusted algal bioherm, exposed off southwest end of Promontory 
Point. Looking north. 
a bioherm off northeast end of Stansbury Island showing relief of 
surface. 
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may have been derived by wave action on some broken algal deposits 
in which considerable odlitic sand has become cemented. They may 
also have been formed by wave activity on odlite shingle. In either 
case after reduction to the small irregular sand particles, they appear 
to have received additional coatings of calcareous cement. 


ALGAL BIOHERMS 
DISTRIBUTION 


Like the odlites the calcareous deposits principally of algal origin 
are confined to the shallow-water and shore areas. Their distribution 
also parallels that of the odlites in that both are limited chiefly to the 
western part of the lake. The bioherms®™ range in depth from several 
inches to 10 or 12 feet. The exceedingly low lake level of 1934 exposed 
wide areas of them, making it possible to photograph large parts of 
the bioherm surface. 

Views in Plates 16, 17, and 18 give some conception of their sur- 
face appearance and extensive development. Figure 2 shows with a 
fair degree of accuracy just how widespread they are and how closely 
similar their environment must be to that of the odlites. A planimeter 
calculation from the map indicates their total present area to be 100 
square miles. That this extent has varied in past times is shown by 
borings by J. J. Lilley, engineer from the Diking Project of Great 
Salt Lake, who struck considerable “‘tufa’’ (so-called by lake engineers 
and boatsmen) at varying depths down to 20 feet, drilling where the 
lake bottom is now either clay or odlitic sand. None of his borings 
struck algal deposits in places that would not conform to the present 
conditions of growth, namely, shallow water, shore-line and wave ac- 
tivity, and aeration. Lilley’s borings were all in shallow water between 
Promontory Point and Fremont Island, and between Fremont Island 
and Antelope Island, places where several areas of algal bioherms are 
now located. 

DESCRIPTION 


Megascopic description.—Megascopically the bioherms are an as- 
sembly of flat mounds which merge so closely in most places that no 
area of the bottom is left uncovered by them. The lines of coalescence 
are the bottoms of rather sharp, irregularly V-shaped troughs. The re- 
lief from bottom of trough to top of mound ranges from 6 to 36 inches; 
the average relief is about 18 inches. The “trough and mound” char- 
acter can be seen in the photographs of Plate 16a and b. Nearly all the 

81 The term “bioherm” has been introduced into geologic literature by Cumings 


and Shrock to signify any calcareous deposit due to colonies of organisms. See Twen- 
hofel, Principles of Sedimentation (1932), p. 296. 
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PL. 17a.—Aerial view of rather precipitous shore line on west side of Promontory 
Range, showing narrow fringing bioherm. 

b.—Aerial view (almost vertical) of fringing bioherm, showing detail of surface. 
Just south of a, west shore of Promontory Range. 
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mounds are approximately circular and may range from 6 feet to 30 
feet in diameter. In some areas where the bottom is not totally-cov- 
ered by the algal deposits, the mounds are small and appear like 
heads only 1 foot to 2 feet in diameter (PI. 18a). 

Many troughs are filled to a depth of 4-8 inches with loose sand 
composed of broken-off fragments of the algal bioherms and odlites, 
most of which have probably been washed in from adjacent areas of 
oblitic sand bottom. 

When viewed from a boat through 2 or 3 feet of water, more than 
50 per cent of the mound surface is seen to be covered chiefly with 
the brown to pink, blue-green, unicellular, colonial alga A phanothece 
Packardii.* Some areas appear to be matted over with a gelatinous 
film of algal cell secretion, but in others, or here and there on the gela- 
tinous film surface itself, are light brown to pink gelatinous masses 
0.5-1.5 inches long, attached at one end, rhythmically waving in the 
slightly agitated water. Some parts of the surface of the mounds are 
free from noticeable algal films, but these were probably once covered 
as they show a striking similarity to those surfaces where the algae 
are now growing. Considerable travel on and about the shores of the 
lake has led to the observation and conclusion that the algae must 
have a firm base of some sort in order to colonize. A loose sand bottom 
is definitely not favorable, neither is a clay or mud bottom, and it is 
only in quiet pools within the bioherm areas that algal heads are 
found on nothing but clay bottom. Any solid body large enough not 
to be moved by ordinary wave activity may serve as a base for alga 
attachment, no matter what kind of bottom is present, and from it 
bioherm growth may proceed and extend radially outward over a con- 
siderable area. A piece of odlite shingle, or any other cobble or boulder, 
may serve the purpose. 

On close examination the surface of the algal deposit is generally 
found to be roughly nodose or knotty, but here and there lamellar and 
fairly smooth coatings are developed. Plates 18b and 1ga, b, and c 
represent the nedose and Plates ryd and 2ob the lamellar. 

Specimens when taken from the water and allowed to dry are 
somewhat porous and become friable. In sectioning in the laboratory 
for megascopic or microscopic observation, it is necessary to impreg- 
nate the samples. The porous and somewhat friable nature of the 
bioherms has led engineers and others familiar with the lake to call 
the deposits “tufa,” but this name is inappropriate because of its im- 
plication of spring origin. 


8% See section on Life in Great Salt Lake, pp. 1350 and 1333. The foregoing identifi- 
cation was made by Francis Drouet, University of Missouri. 
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PL. 18.—Views of algal bioherm ornortheast end of Stansbury Island. 

a.—Peculiar “heads’’; top layer is salt foam, next is salt about 3 inches thick, and 
lower or supporting mass is calcareous algal deposit. Intermediate areas are salt-crusted 
c 


b.—Breaking salt crust away and collecting algae and their deposits under it. 
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PL. 19.—Sectioned hand specimens of algal deposits. Lighter colored, massive, ir- 
regular, but crudely banded masses of top three specimens are deposits of A phanothece 
Packardii. Much of deposit is entrapped fragmental material. Lower specimen is head- 
like mass composed of concentric layers inclosing friable and chiefly fragmental mate- 
rial. Parts of inclosed mass appear to be algal secretions. Concentric layers were probably 
formed by Pleurocapsa entophysaloides (?). Reduced 3} diameter. 
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PL. 20a.—Photomicrograph of thin section of algal deposit in reflected light and 
enlarged 35 diameters. Massive white areas are calcareous deposits of A phanothece 
Packardii. Various fragmental material including odlites is held between algal layers. 

b.—Crust-like deposit of Pleurocapsa entophysaloides (?) holding together a mass 


of odlites and faecal pellets of Artemia gracilis. In reflected light and enlarged 35 diam- 
eters. 
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Microscopic description.—Microscopically the bioherms consist 
of several parts: dense white porous masses (Pl. 20a), dense white 
lamellar deposits (Pl. 20b), odlites and irregular, calcareous, frag- 
mental material (Pl. 20a and b), and various angular silicate frag- 
ments, such as listed in Tables IX and XIV. 


TABLE XIX 
CHEMICAL ANALYSES OF ALGAL BIOHERMS 


Semple Organic Matter CO MO 
Map x4 | Soluble in Weak 
tion ot HCl 
B -140 | .140 1.97 39-4 3.6 15.2 6.6 
U -105 | .105 1.47 
Ac; 45.0 14.1 6.0 


B. Small algal mound at Rozell Point. 

U. Dredging from trough in algae bioherm off Egg Island. 

Ac:. Non-lamellar. porous part of algal bioherm—north end of Stansbury Island. 

Acs. Lamellar, dense — algal bioherm—north end of Stansbury Island. 

*No © analyses mad e. nic matter analyses by Parker D. Trask and H. E. Hammar. CaO and MgO 
analyses by K. A. Gorton. ¢ y separations by the writer. 

Chemical analysis.—The bioherms contain about 2 per cent or- 
ganic matter (Table XIX), 77 per cent calcium and magnesium 
carbonate in the non-lamellar parts, and 20 per cent insoluble material. 
The CaO: MgO ratio is 11:1. The carbonates were figured on the basis 
of dolomite (2MgCO;3-CaCOy as in clays), and aragonite. No CO; 
analyses were run and hence the presence of excess CaO or MgO is 
not known. If the high carbonate content is significant as in the 
odlites, CaO and MgO should be about satisfied with CO2. On this 
basis there is 66.4 per cent aragonite and 11.8 per cent dolomite in a 
representative sample of the algal deposit. The dense lamellar crusts 
alone analyze about 93 per cent carbonate. The insoluble material 
consists of three parts: the small angular silicate mineral fragments 
listed under “‘silt and sand” in Table XIX, clay particles, and the 
faecal pellets of Artemia gracilis. There is about 6.3 per cent silt 
and sand and 14.5 per cent clay present in the non-lamellar parts, 
but in the lamellar, silt and sand are lacking and clay presumably 
like the clay in the odlites amounts to but 6.3 per cent. A sample of 
the loose sand in the troughs or lanes between the mounds was found 
to contain 1.47 + per cent organic matter, slightly less than that of 
the algal deposits, proper. 
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It is interesting to compare the ratios of occluded clay to total 
carbonate (acid-soluble basis) in the odlites and in the lamellar parts 
of the algal deposits. They are closely similar and are as follows: 

clay I 


carbonate’ 15.6 


clay I 


Lamellar algae deposit = 


The alga ratio is based on one analysis and is, therefore, not as 
representative as the odlite ratio which is based on a number of 


analyses. 
ORIGIN 


Much has been written about the origin of calcareous algal de- 


posits. Those of Great Salt Lake are found in shallow water and near 
shore where wave activity and subsequent circulation is strong, but 
must have a permanent base for attachment. This much of the origin 
is clear from the foregoing descriptions but the manner of carbonate 
precipitation remains to be discussed. 

Ocean, lake, and river algae deposit calcium carbonate in different 
ways. According to Twenhofel 
In Lithothamnium the precipitate forms crusts over the surfaces on which the 
plant grows; the precipitate in Halimeda is a sieve-like cover about the tips 
of the algal filaments; and in Acertularia a tube is formed about the stalk of 
the plant. In Chara and the corallines the lime is deposited in the cells and 
cells walls of certain parts of the plants.* 


Black, in the study of the algal sediments of Andros Island,™ finds 
that the algae, chiefly Schizothrix, Symploca, and Phormidium, have 
filaments enclosed in a mucilaginous sheath to which mineral particles 
adhere. If the sediment in suspension is very fine-grained, the mucilag- 
inous sheaths entrap an appreciable quantity, and appear to do this 
selectively. Thus if a mixture of clay, silt, and sand is drifted over the 
algal heads at a velocity sufficient to keep the sand grains moving, the 
clay particles cling to the mucilage of the filaments but very little 
sand is retained. The calcium carbonate which is part of the entrapped 
clay is not necessarily precipitated by the algae. The deposits are 
entirely unlithified. 

Knowledge of the manner of carbonate and clay precipitation of 
the filamentous types is of no great help in studying the algae of 

83 W. H. Twenhofel, of. cit., pp. 306-11. 


* Maurice Black, ‘“The Algal Sediments of Andros Island, Bahamas,” Phil. Trans. 
Royal Soc. London, Ser. B, Vol. 222 (1933), pp. 165-92. 
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Great Salt Lake where only the unicellular are important bioherm 
builders. Of the unicellular algae in Great Salt Lake A phanothece 
Packardii is by far the most important; in fact, so negligible are the 
rest that, if it were not for the interest that the exceptions or varia- 
tions arouse, they would not need to be considered. The characteristic 
mound type of deposit as previously described and as illustrated in 
Plates 16, 17, and 18 is of this species. Its surface is nodose, consisting 
of many small protuberances as in a, b, and c, Plate 19. When hand 
specimens are sectioned they are found to consist of firm and dense 
white crusts between which is a somewhat friable fragmental ma- 
terial. This is made up of fragmental algal deposits, odlites, shrimp 
faecal pellets, and some silt and clay. Plate 20 illustrates the nature 
of the dense white material for which the alga is directly responsible. 
The fragmental material has been crusted in by the algal laminations. 

Here and there is found a laminated head or a group of heads, 
each 4 to 16 inches in diameter. Only one sample was found in which 
living algae occurred and these proved to be Pleurocapsa ento- 
physaloides (see section on life in Great Salt Lake, pp. 1332, 1333). 
Plate 19d is a megascopic view of these layers and Plate 2ob shows 
strikingly the encrusting ability of this species. 

No microscopic diagnostic marks other than the massive irregular 
nature of the crusts of Aphanothece Packardii and the smoother 
laminated crusts of Pleurocapsa entophysaloides were detected. 

The A phanothece live in pink, green, and brown colonies of gel 
some of which are firmly attached, covering as a slime or mat small 
areas but leaving intervening rock surfaces bare. Commonly, they 
are loosely anchored at one point, waving back and forth in the 
moving water. Some become detached, probably during storms, and 
float and drift on the lake surface. 

The Pleurocapsa as far as observed live in thin jelly mats entirely 
covering the areas that they occupy, and therefore their deposits are 
more regular and tabular. 

That the algae extract carbon dioxide from the water during 
photosynthesis and that this is the cause of calcium and magnesium 
carbonate precipitation is generally agreed. It seems certain that the 
carbonate does not fall as a mar] around the colonies of algae because 
it is directly under the mat of gel that the crust forms and it is defi- 
nitely hard and not plastic. It would appear, although there is no 
experimental proof, that the carbonate molecules as well as the fine 
colloidal clay pass through the gel of the algal colonies and are laid 
down as a crust, nodular in the case of Aphanothece and tabular or 
lamellar in the case of Pleurocapsa. Silt or sand particles that settle 
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upon them probably do not pass through the gel and are not in- 
corporated in the lamellar crusts. 

No evidence could be found of fossilization or preservation in any 
way of the unicellular algae. The deposits are not diagnostic and, 
therefore, can be used only in the broadest way in the identification 
of species. 

The presence or abundance of bacteria on the bioherm surface 
and the réle they play in carbonate precipitation can only be con- 
jectured at the present time. ZoBell and Smith® have begun a study 
of the lake’s bacteria and in personal communication ZoBell says, 
Most of the bacteria are periphytes which grow only when attached to some 
solid surface. This characteristic has a tendency to localize their activities . 


The organic matter (in the water) is converted into ammonia and CQ, as 
end products. The pH of the water is just at the borderline for CaCO; pre- 


cipitation so very minute increases in alkalinity in localized areas could’ 


start it. 


It would appear, then, that the periphytic bacteria are just such 
microscopic organisms as would assist prominently in building the 
bioherms of Great Salt Lake. Their réle, although definitely suspected 
as important, must await the further research of the bacteriologist. 


FAECAL PELLETS 


Small rod-shaped bodies are very common in the sediments of 
the lake. Although they are not the same in shape as the spherical 
odlites they still have similar compositional and in part structural 
features. They are the faeces of the brine shrimp, Artemia gracilis. 


DESCRIPTION 


Some of the faecal pellets are enclosed in thin concentric bands 
‘which still reflect clearly the rod-shaped form of the nucleus pellet. 
In most samples examined, however, the concentric bands are absent 
or only abortively developed. The concentric layers where present 
are in every respect comparable to those of the spherical odlites and 
their mode of formation must be the same. The pellet is of bacilli-like 
form, and in the longer specimens strikingly cylindrical and sym- 
metrical. In the shorter forms some irregularity is noted but in all 
there can be no mistaking the rod-like shape. The photomicrographs 
of Plates gb and c, 21, and 22 show various aspects of the pellets both 
externally and in cross section. 
The rods have been observed in two sizes which are distinguished 
by the names “long rods” and “stubby rods.” The stubby rods are 


% C. E. ZoBell, D. Q. Anderson, and W. W. Smith, of. cit., pp. 253-62. 
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PL. 21a.—Photomicrograph of faecal pellets of brine shrimp, Artemia gracilis, from 


locality F. Enlarged 35 times. 


b.—Odlites together with faecal pellets from locality K. Pellets are somewhat 


broken and rounded due to wave activity. Enlarged 15 times. 


PL. 22a.—Photomicrograph in transmitted light of faecal pellets of Artemia 
gracilis after solution of carbonate with HCl. Remaining clay mesh is mostly opaque. 
Locality F. Enlarged 60 diameters. 

b.—Thin section of odlites and faecal pellets from locality K, same as those shown 
in exterior view in Plate 8b. Note tendency toward radial crystallization of nuclear 
faecal pellets. Enlarged 35 diameters. 
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associated chiefly with the odlites and the long rods with the clays 
Transitional sizes are very common. The long rods range in length 
from 0.3 to 1.0 millimeter, the average length being about 0.50 mil- 
limeter. They have a diameter of about o.1 millimeter. The stubby 
rods range in length from 0.05 to 0.32 millimeter, the average length 
being 0.20 millimeter.™ It is believed that the agitation by the waves 
wears down the ends of the pellets, although they are generally firm, 
resembling in this respect the odlites. The cryptocrystalline ground 
mass as viewed in thin section under the petrographic microscope 
suggests recrystallization from the extremely fine, precipitated par- 
ticles of CaCO; and, perhaps, accounts for the firmness of the rods. 


TABLE XX 
CHEMICAL ANALYSES OF FAECAL PELLETS 


Sample Per Cent Organic Matter CaO MgO 
tion 2 Nuclei Nuclei 
F, 40.6 3-2 
F; .065 | .o60 .87 38.1 2.9 

Average| .065 | .o60 .87 34-4 3.05 17.3 $3 


Organic analysis by H. E. Hammar. CaO and MgO analyses by K. A. Gorton, University of Michi- 
and F; of dark gray 

When surrounded by lamellar layers, thus becoming the nuclei 
of the odlites, many develop strong radial structure. This is a second- 
ary process, entirely physico-chemical and similar to that of the 
radial structure of the laminations of the odlites, previously described 
and explained (Pls. 9c and 22). 

The pellets are white or stained faintly tan when viewed in re- 
flected light but when observed in transmitted light appear cloudy 
with many dark specks but cryptocrystalline for the most part. Under 
high magnification the dark specks prove to be minute mineral frag- 
ments while the cloudiness is due to occluded white clay in a dense 
crystalline groundmass of calcium and magnesium carbonate. 

As indicated by chemical analysis (Table XX) the pellets consist 
of calcium and magnesium carbonate, occluded, fine, white clay, and 
very small mineral fragments. 

% Rubey of the U. S. Geological ay calls the writer’s attention to the similar 


oo beds” in the Overton magnesite, U. S. Geol. Survey Bull. 871, p. 129, and Pls 
1 and 12. 
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When the carbonate part of the pellet is dissolved out with hydro- 
chloric acid, there remains intact a body of the same shape and volume 
as formerly, as if the tiny mineral particles were held together in a 
clay mesh or network. The carbonate-free pellets are shown in photo- 
graph a, Plate 22. 

DISTRIBUTION 

All lake samples examined, no matter whether clays, odlites, or 
bioherms, contained pellets. They are found in the eastern part of 
the lake as well as in the western, in deep water as well as in shallow. 

The Promontory Point area, particularly in the vicinity of the 
boat pier (locality F), is one of extensive pellet development. There 
are, at least, 1,000 acres of either pure pellet sand or black mucky 
material with abundant pellet content, and the area may be much 


the shore and out to maximum wading depth. The sand is at least 
2 feet deep and ripple marks and shallow bars are common. There is a 
concentration of pellets, almost to the exclusion of all other material, 
of 1 or 2 million tons and possibly several times this much. No other 
area is believed to exist where such a concentration prevails. From 
the table of the petrographic analyses of the lake sediments (Table 
IX) an average of the pellet content of all sediment samples, giving 
each sample equal areal weight, was 31 per cent. The pellets must be 
recognized, then, as one of the most important parts of the sediments 
in the lake. 
ORIGIN 


A microscopic study of the brine shrimp reveals the mechanism 
of the formation of the pellets. They are formed in the intestine of the 
long caudal appendage. Of the digestive system of the brine shrimp 
Jensen*’ states. 

‘The oesophagus is short and leads to the stomach, which is situated in the 
head . . . The intestine is a straight tube. The division extending through the 
thorax is twice as large as that passing through the abdomen. The intestine 


includes a well marked rectum, which is provided with constricting circular 
muscles. 


The white opaque clay and carbonate may be seen gathering in 
the thoracic region and condensing into a regular cylindrical rod 
extending down and filling the intestine in the abdomen. This feature 
is illustrated in the photographs of Plate 23. The constricting circular 
muscles of the rectum divide the continuously forming contents of the 
intestine into separate pellets in the process of discharging. The 


87 A. C. Jensen, ‘Some Observatiohs on Artemia gracilis, the Brine Shrimp of 
Great Salt Lake,” Biol. Bull., Vol. 34 (1918), p. 19. 


larger. Its extent was only roughly estimated from examination along , 
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composition of the faeces indicates that the shrimp takes in a great 
deal of inorganic matter with its food. Jensen’s conclusion can not be 
true that they feed entirely on algae or their gelatinous secretions.** 
Various bacteria®® and protozoa inhabit the lake water and the bot- 
tom clays (pp. 1330-33). If the shrimp is a bottom scavenger, it is 
easy to understand the presence of so much inorganic material in the 
digestive tract. However, brine shrimps are reported by salt workers” 
to clarify brine solutions. In the shrimp’s quest for suspended food in 
the water it must devour both mineral and organic particles without 
much discrimination. Baas-Becking* has experimented with the 
brine shrimp by placing it in suspensions of barium sulphate, calcium 
carbonate, and calcium sulphate. He states that the liquid with its 
mineral particles passed through the digestive tracts where the 
particles are coagulated into small pellets. Five artemiae cleared 
too cubic centimeters of milky barium sulphate suspension in 24 
hours. 

Since the pellets contain 77 per cent carbonate and the bottom 
clays average only 47 per cent, the shrimps, if bottom scavengers, 
must selectively ingest a proportionally large part of carbonate. This 
is difficult to account for. On the other hand, if near surface swimmers 
as commonly observed, their chief mineral consumption should be 
fine dust particles settled from the atmosphere, and colloidal clay 
and aragonite crystals. Again it seems peculiar that the carbonate 
content of the pellets should be as high as 77 per cent. It may be that 
carbonate is precipitated within the intestinal tract, or that the food 
material varies from season to season, that is, during the summer 
season of heavy carbonate precipitation an extra large amount of 
carbonate crystals is ingested. Unfortunately the exact origin of the 
brine shrimp’s food must be left in doubt until further work is done. 

E. R. Edge has recently studied various arthropod faecal pellets” 
and has found in general that they are rod-like, of varying lengths, 
with a definite circular cross section. He noted that not only the 
amount but also the kind of food in the intestine at the time the 
pellet was formed influenced its shape. The size of the animal also 
had a direct influence on the size of the pellet. The brine shrimp pellets 


88 Op. cit., p. 23. 

8° C. E. ZoBell, D. Q. Anderson, and W. W. Smith, of. cit., pp. 253-62. 

°° L. G. M. Baas-Becking, “Historical Notes on Salt and Salt Manufacture,” 
Scientific Monthly, Vol. 32, No. 5 (1931), Pp. 445. 

Tbid., p. 445. 

% FE. R. Edge, ‘‘Faecal Pellets of Some Marine Invertebrates,” Amer. Midland 
Nat., Vol. 15, No. 1 (1934), pp. 83-84. 
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PL. 23a.—Photomicrograph of female brine shrimp, Artemia gracilis. Enlarged 17 
diameters. 
b.—Enlargement of caudal-like abdominal appendage. Intestinal contents appear 
+ opaque in transmitted light. Enlarged 60 diameters. 
c.—Same as b but photographed in reflected light. 
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agree very closely with these size and shape observations, that is, the 
rod-like shape with circular cross section and the varying size depend- 
ing on the size of the shrimp. Edge’s marine arthropods were all 
larger than Artemia gracilis and hence his pellet dimensions are con- 
siderably larger but, in proportion, quite comparable. 

The shrimps have been observed in great numbers in all parts of 
the lake by the writer as well as several other authors. Talmage® 
believes them to be most abundant between the months of May and 
October. Jensen™ believes they die off in the winter, passing that 
season in the egg stage but Talmage in the above reference reports 
collecting them in mid-winter at a temperature below o°C. So much 
of the bottom clays have passed through the intestinal tracts of the 
shrimps that, as previously shown, about one-third of the lake sedi- 
ments are faecal pellets. The pellets found in the odlite zone are 
generally stubby, only here and there a long one being observed. 


LATERAL SEDIMENTARY VARIATIONS AND BURIAL OF ISLANDS 


The relation of the various types of sediments of Great Salt Lake 
is of interest and two cross sections have been prepared (Fig. 7) that 
represent the most characteristic lateral variations and, as far as 
known, the vertical structure. 


LATERAL VARIATIONS 


Within a surprisingly short distance, particularly around the 
islands, the coarser clastics of alluvial fans reaching in many places to 
the water’s edge are supplanted by calcareous and argillaceous loams, 
clays, and oozes. In places algal bioherms separate the coarser 
clastics from the calcareous clays. Other lateral variations are shown 
on the cross sections. 

The dip of the surface of the alluvial fans is the initial dip of the 
porous sand, gravel, and boulder lenses that constitute the fans. The 
dip ranges from 2° on the outer slope to 12° on the upper slope. Al- 
luvial fan material is very porous, especially the coarse lenses many 
of which are artesian aquifers. The initial dip of the calcareous clays 
and loams of the lake bottom is 5 feet per mile or less. 


BURIAL OF ISLANDS 


The islands of Great Salt Lake are in all stages of burial by their 
own subaerial debris and by the lake sediments. Some are very large 
and high, such as Antelope and Stansbury islands (Pls. 1a, 2a, and 
3b) and not in any immediate danger of complete sedimentary burial. 

% J. E. Taimage, op. cit., p. 67. 

% Ob. cit., p. 24. 
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Others are somewhat small and low, such as Fremont and Carrington 
islands (Pls. 1a and b, and 3a) and are approaching rapidly the time 
when complete burial will occur. Only the uppermost peaks of others 
show through the lake sediments. Gunnison and Bird islands (PI. 1a) 
are examples. Others are most probably completely buried. Continua- 
tions of the mountain ranges seem to be the most likely trends where 
buried islands may be found. 

Rate of burial—The rate of calcium carbonate accumulation has 
already been computed (p. 1332, and Table VII). The lake sed- 
iments are not entirely carbonate, however, and therefore the clastic 
content must be considered. This increases the total figure con- 
siderably. The presence of Ca in several chemical precipitates in the 
lake (p. 1357) makes it difficult to determine the amount of “CaCO,” 
precipitated when stated without reference to the minerals in which 
the Ca occurs. Some Ca is also absorbed in base exchange relationship. 
The three groups of clays average 18 per cent aragonite, 5 per cent 
dolomite and 0.6 per cent absorbed Ca**. The total Ca, therefore, 
when combined with CO; is about 21 per cent. In the algal deposits 
there is about 70 per cent CaCO; and in the odlites about 84 per cent 
(see Tables XV and XIX). The clays cover about 70 per cent of the 
lake bottom, the odlites about 20 per cent and bioherms about 1o 
per cent. When averaged on this basis the result is 38 per cent calcium 
carbonate. Therefore, the total rate of sediment accumulation is over 
twice that of calcium carbonate deposition. The thickness of the total 
annual increment has been determined for various degrees of com- 
paction and is shown in Table VII. 

If the sediments are compacted so as to have a water content of 
30 per cent, the rate of accumulation is about 12 feet in 10,000 years. 
At this rate it would take some 1,250,000 years to bury Antelope 
Island. Carrington Island, which is about 60 feet high, would be buried 
in about 50,000 years. However, it seems unlikely that the climate 
will remain constant for any such length of time, or that the area will 
be free from further faulting of the still active Basin and Range 
orogeny. The figure arrived at for the rate of sedimentation may be 
assumed to be closely related to the rate of erosion of the surrounding 
mountain areas. 

Buried hill structure —In Kansas and Oklahoma oil structures are 
known in which a series of gently arched strata rest uncomfortably on 
granite hills or older folded sedimentary rocks, completely burying 
them. They were first recognized by Blackwelder® and named “re- 


% Eliot Blackwelder, ‘The Origin of eee Kansas Oil Domes,” Bull. Amer. 
Assoc. Petrol. Geol., Vol. 4 (1920), pp 
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flected buried hills” by Powers. Initial dips about such buried hills 
have been described by Bridge and Dake,®*’ thus accounting for struc- 
ture along the side of the relief feature. After complete burial by 
material coming from adjacent highlands, differential compaction of 
the clay above and around the hill occurs and the shape of the hill is 
reflected in the structure of the overlying strata. Nevin,** Monnett,% 
Hedberg,” and others have made valuable contributions to this 
subject. 

From reference to Figure 7 and Plates 1, 2, and 3, it is clear that 
definite anticlinal structures are in the process of building or have 
already been built in the basin of Great Salt Lake. The lenses of the 
alluvial fans dip away from the mountain from which the material 
was derived. They are porous and lithify chiefly by cementation. The 


calcareous and argillaceous lake sediments are laid down nearly: 


horizontally but dehydrate and compact (pp. 1339 and 1341), thus 
accentuating the structure. 

The subaerial deposits around the islands become finer and less 
extensive as burial proceeds, and with complete burial only the 
typical fine, smooth, loams and clays will extend over the island. 

If the lake clays become a source rock of petroleum in the future, 
as seems probable, the structure, the reservoir rock, and the cap 
rock are apparently provided and a set of conditions highly favorable 
for oil migration and accumulation will exist. 

% Sidney Powers, “Reflected Buried Hills and Their Importance in Petroleum 
Geology,” p any Geol., Vol. 17 (1922), pp. 233-59. 


97 T. Bridge and L. L. Dake, “Initial Dips Peripheral to Resurrected Buried Hills,” 
Missouri Bur. Geol. and Min. Biennial Rept. (1928), Appendix 1, pp. 1-7. 

98 C, M. Nevin and R. E. Sherrill, “Studies in Differential Compaction,” Bull. 
Amer. Assoc. Petrol. Geol., Vol. 13 (1929), pp. 1-22. 


9 V. E. Monnett, “Possible Origin of Some of the Structures of the Mid-Continent 
Oil Field,” Econ. Geol., Vol. 17 (1922), pp. 194-200. 


100 Hollis Hedberg, ‘“‘The Effect of Gravitational Compaction on the Structure of 
Sedimentary Rocks,” Bull. Amer. Assoc. Petrol. Geol., Vol. 10 (1926), pp. 1035-72. 
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DARROW SALT DOME, ASCENSION PARISH, 
LOUISIANA! 


CARROLL E. COOK? 
New Orleans, Louisiana 


ABSTRACT 


The Darrow salt dome is located on the east bank of the Mississippi River between 
Baton Rouge and New Orleans, 30 miles southeast by road from Baton Rouge and 75 
miles northwest from New Orleans. It is the first salt dome east of the Mississippi 
River on which oil in sustained commercial quantities has been produced. The first 
producer was completed in March, 1933, and on December 31, 1937, the field had a 
daily production of 2,074 barrels from eight wells, with a ‘etal qualention of 1,518,921 

through that date. The proved area at the end of 1937 was about 4o acres, as 
determined by data from the thirty wells drilled, of which eleven produced oil in some 
quantity. 

Production on the dome has been obtained from super-cap sands and from flank 
sands, both of which probably represent the same Miocene horizon. A small amount of 
oil was produced from sands above the cap rock, but the most important production 
has been secured from what ap; to be the same paleontologic horizon faulted to the 
5,700-foot and 7,000-foot levels. 

The highest part of the dome is 4,627 feet below the surface. At the 6,000-foot con- 
tour the = mass is practically circular in plan with a diameter of 4,800 feet based on 
present data. 

The usual difficulties attendant on pioneer development of piercement-type domes 
have been experienced in operations at Darrow, among them being the problem of locat- 
ing the very narrow productive zones, the faulting which has interrupted the peripheral 
continuity of these sands, and the lack of recognizable datum beds above the oil sands. 

The deepest well on the dome was abandoned dry at 7,980 feet in shale of Oligocene 
age, which is the oldest geologic formation reached on the structure to date. 


INTRODUCTION 


Geographically, the Darrow salt dome is located in Ascension 
Parish, Louisiana, on the east bank of the Mississippi River, with 
part of the dome underlying the river itself. The structure is readily 
accessible by improved highways from Baton Rouge and New Orleans. 
It is about 30 miles by road from Baton Rouge and 75 miles from New 
Orleans. Considerable interest has been taken in this dome because 
it has been the only one east of the Mississippi River on which ap- 
preciable production has been sustained for several years, although 
it was not the first one east of the river to produce oil. The dome is 
situated 3 miles north of the town of Darrow, from which it derives 
its name. 

Geologically, the dome is located very close to the eastern edge of 
the Gulf Coast salt-dome basin. For many years, as the coastal salt- 
dome area was extended eastward, the Mississippi River was popu- 
larly considered as the ultimate boundary between the definitely 


1 Read before the Association at New Orleans, March 17, 1938, by permission of 
the Humble Oil and Refining Company. Manuscript received, June 18, 1938. 


‘Geologist, Humble Oil and Refining Company, 2307 American Bank Building. 
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potential producing area on the southwest and the region of question- 
able possibilities on the north and east. Intensive exploration work 
during the last few years has failed to extend the producing area 
appreciably eastward from the actual channel of the stream, so that 
the popular conception of the Mississippi River as the approximate 
physical boundary between the producing and non-producing areas 
has been justifiable to a large degree. 
Acknowledgments.—Acknowledgment is made to the Humble Oil 
and Refining Company for permission to present this paper, and to 
those associates in the company who have contributed helpful com- 
ments during its preparation. The writer is indebted to T. I. Harkins* 
for permission to use information contained in his unpublished paper 
on the Darrow dome, and to Henry V. Howe‘ for constructive 
paleontologic criticism. 


HISTORY 


A reported oil showing in a water well attracted the attention of 
the Gulf Refining Company and Union Sulphur Company in 1927, at 
which time the former company placed a torsion balance in the area 
and located an anomaly centering under the Mississippi River. The 
refraction seismograph was used without success to determine defi- 
nitely the location of the dome. In 1929, the newly developed re- 
flection seismograph technique was used on the area by a Geophysical 
Research Corporation crew under T. I. Harkins. Considerable dif- 
ficulty was experienced in getting reflections through the weathered 
layer forming the natural levee of the Mississippi River, so that a 
variation of the usual method was worked out satisfactorily on the 
shallow beds of the area. This method, which subsequently became 


_ known as dip-shooting, successfully delineated the dome as proved 


by subsequent drilling.® 

The Gulf Refining Company drilled one of the three early dry 
holes in the area before the dome was definitely located by reflection 
seismograph. In 1932, following this work, the Gulf Refining Company 
sub-leased the entire dome to the Rio Bravo Oil Company, and in 
September of the same year, the latter company completed its first 
well, Community No. 1, as a producer from super-cap sands at 
4,008-37 feet at the rate of 2,400 barrels of pipe-line oil per day. 

3 T. I. Harkins, “Geophysical History of the Darrow Dome.” Read before the 


American Association of Petroleum Geologists at Tulsa, Oklahoma, March, 1936, but 
not yet published. 


‘ Henry V. Howe, director, School of Geology, Louisiana State University; director, 
Research Division, Louisiana Geological Survey. 


5 T. I. Harkins, op. cit. 
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Subsequently, this well failed to produce and was drilled into salt 
from 4,627 to 4,903 feet, later being reworked to make a small 
pumper from the original sand. The Rio Bravo Oil Company drilled 
two other wells into salt on the dome, but as neither of these wells was 
productive, the dome was surrendered to the-Gulf Refining Company 
in 1933. The Gulf Refining Company drilled a dry hole into salt in 
December, 1933, and sub-leased the dome to Turnbull and Irwin. 
The latter organization drilled one well as a dry hole in March, 1934, 
and sub-leased the dome to the Humble Oil and Refining Company in 
July of the same year. 

The first well drilled by the Humble Oil and Refining Company 
was located on the southwest flank of the dome, considerably farther 
from the center than any previous test. This well, Gumbel No. 2, was 
completed in February, 1935, as a successful producer from 30 feet 
of oil section, the top of which was encountered at 5,751 feet. This 
well showed a potential of more than 1,000 barrels per day on 3-inch 
choke and with a low gas-oil ratio. In line with good production prac- 
tice, this well was choked to a small portion of its potential production 
and has flowed continuously for more than 3 years with little change 
in pressures or oil-gas ratios. Subsequent efforts to extend production 
from this well resulted in repeated failures until eight dry holes had 
been drilled. 

After production had been established on the southwest flank, 
an equally successful attempt was made on the east flank where 
Community No. 5 was completed in about the same zone as the Gum- 
bel No. 2. From the Community No. 5 the producing zone was ex- 
tended, more or less successfully, for several locations north and south- 
west around the periphery of the dome at about the same depth, 
though it was found that the oil-bearing area was very restricted in 
width, and faulted or lensed out at several locations along the normal 
trend. 

In June, 1937, a new and deeper producing area was opened on the 
southwest flank when V. Landry No. 1 was completed from an oil 
sand encountered at 6,985 feet, marking an appreciable addition to 
the reserves estimated for the dome. Since discovery of the deeper 
sand, several wells have been completed from this horizon. 


PHYSIOGRAPHY 


Located at the edge of the Mississippi River, the dome underlies 
the broad natural levee which slopes gently for 1 mile from an eleva- 
tion of 25 feet at the river to 15 feet at the edge of the swamp. Al- 
though there is no indication of uplift in the topography, or in the 
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Fic. 1.—Map showing location of Darrow dome and its relation to surrounding area. 
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surface materials, there is a suggestion of recent upward movement 
in the position and shape of the large horse-shoe meander of the 
river. The stream appears to have been deflected from its normal 
southeast course although, because it is aggrading, the juxtaposition 
of structure and stream pattern may be mere coincidence. The western 
edge of the dome may extend beneath the present batture to the 
actual stream channel. The eastern edge underlies a small portion of 
the cypress swamp. 


GEOLOGY 


General description.—The dome, itself, is of the normal piercement 
type common to the Louisiana-Texas Coastal Plain with no particu- 
larly marked characteristics to make it outstanding in its class. Dome 
material reaches to within 4,627 feet of the surface over the gently 
rounded top of the salt mass which, at the 6,o00-foot contour, is 
essentially circular in plan with a diameter of about 4,800 feet. The 
salt exhibits some flattening on the south shoulder of the dome 
slightly below the 6,0o00-foot contour, though this is thought to be 
limited to the south flank of the structure. There has not been suf- 
ficient drilling to determine the shape of the salt mass on all sides, 
but, so far, there seems no reason to suspect appreciable salt over- 
hang in the areas actively being explored. 

Cap rock.—Because operations over the central portion of the 
dome have been unsatisfactory from the standpoint of production, 
few tests have been drilled over the top of the structure, and informa- 
tion as to the amount and extent of the cap rock is very limited. The 
maximum amount of true cap rock found anywhere on the dome is 
61 feet, of which 37 feet is limestone and the remaining 24 feet 
anhydrite. Over this true cap rock a thin section of mineralized sedi- 
mentary rocks is present, and nearly all sands and shales im- 
mediately adjacent to the salt are heavily indurated with calcite. 

Faulting —In common with other domes of this type, considerable 
faulting occurs on the flanks and probably over the top due to tension 
and differential drag of the strata. These faults are both radial and 
tangential, and, because of the lack of recognizable key beds, are dif- 
ficult to interpret with any great degree of confidence. The breaks in 
the trend of production of the shallow sand have been most trouble- 
some, and appear to a large extent to be due to radial faulting. Paleon- 
tologic data suggest that all production on the dome has been ob- 
tained from the same stratigraphic horizon, so that peripheral faults 
are responsible for displacement in the position of the oil section pro- 
ducing at three levels on the dome. 
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Position and age of producing sands.—A small amount of oil was 
produced by the discovery well from what are probably Miocene 
sands lying several hundred feet above the cap rock. The important 
production on the dome was first obtained from sands approximately 
5,700 feet deep on the eastern and southwestern flanks, and more 
recently from sands on the southeastern flank at a depth of approxi- 
mately 7,000 feet. The producing sands at both levels are lodged 
against the salt mass at a relatively high angle so that the oil sands 
cover a narrow horizontal area, and it is most difficult to locate each 
well advantageously in the oil section. The sands are relatively thin 
with shale partings of varying thickness. In general, the deeper sands 
give promise of better recovery per well than has been obtained from 
the shallower sands. . 

The oil sands, although found at different depths, are thought to 
represent the same stratigraphic horizon in the Lower Miocene 
strata. Occurring several hundred feet below the Bigenerina floridana 
horizon (Shoal River of Florida), the top of the producing section is 
closely associated with a thin zone characterized by presence of 
numerous large A mphistegina. 

Possibility of deeper horizons.—The possibilities are very good for 
production from deeper sands than are now producing on the dome. 
As the base of the Miocene section with its many sands would norm- 
ally be expected below 10,000 feet in the area, production may 
reasonably be anticipated from any part of several thousand feet of 
Miocene below the present producing zones. The Oligocene section 
also offers some promise as a possible source of oil, though the porosity 
at Darrow may not be comparable with that in sands of the same age 
in fields farther updip. The deeper production on the almost vertical 
face of the salt mass will add little to the actual surface area embraced 
by operations, as the two producing belts are assumed to have parallel 
trends on the east side of the dome approximating the positions of the 
6,000- and 7,500-foot salt contours. 

Paleontologic key beds—The Miocene penetrated at Darrow has 
fairly well defined paleontologic horizons, but these are difficult to 
determine from cuttings and non-recognizable by the driller so that a 
considerable amount of coring is necessary above the depth at which 
the oil sands are anticipated. This lack of readily identifiable key beds 
necessarily adds substantially to the cost of operations, particularly 
where considerable faulting is involved in the flank sands. 

Geologic history —Because of the lack of anhydrite and gypsum 
cap rock on the dome, it may be assumed that the dome is geologically 
somewhat young. This is borne out by the fact that a thick section of 
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shales at about 3,100 feet over the dome seems appreciably less dis- 
turbed than the lower strata, thus the dome must have penetrated 
the strata almost to its present position in early Pleistocene time with 
slight movement since that age. The oil must have accumulated in the 
present sands during a resting stage in the life of the dome just after 
the completion of the Shoal River stage. Subsequent disruption of the 
sands by upward movement segregated the several portions of the 
sand in their present positions. It is extremely unlikely that the ac- 
cumulation on the top of the dome could have taken place after the 
sand had been lifted to its present position, for if the oil were generated 
in the sand where found, the gathering area would be insufficient. If 
the oil were not formed in the sand, then it would have been highly 
improbable that it would have lodged in this particular zone to the 
neglect of many other porous media present. That some late move- 
ment has taken place is apparent from structure on the shallower 
beds; and that some comparatively recent movement has taken place 
may be inferred from the fact that the dome has forced the Mississippi 
River out of its normal course. The dome ascended surfaceward 
rapidly after penetrating the relatively unconsolidated shales and 
thick water-bearing sands of the Miocene section, else it would have 
accumulated a more massive cap rock through the solvent action of 
these waters. 

Origin of dome.—The Gulf Coastal Plain of Texas and Louisiana 
has undergone considerable flexing, as vertical warping has proceeded 
there since post-Paleozoic time. This type of movement has resulted 
in several tension fault systems affecting surface beds from Cretaceous 
to Pleistocene in age. These are best studied and understood in those 
areas where the surface beds are most easily mapped. The opinion is 
ventured here that many of the Louisiana and Texas salt domes have 
originated from these faults and fault systems, of large or small degree, 
which sheared the salt strata and disturbed the equilibrium of ad- 
jacent areas. The differential pressure created by a few feet of vertical 
movement along a fault plane, together with ease of penetration 
afforded by rupture of the strata, seems sufficient to initiate the 
growth of a salt fold which would subsequently attain cylindrical 
form with continued upward movement. Although these fault systems 
are best exposed in Texas, there is good reason to believe that they 
are present, though not so easily recognizable, across the entire Gulf 
Coast salt basin. That the domes do not follow regular patterns does 
not seem a valid argument against this type of origin, for even where 
mappable on the surface of the older beds, many fault systems present 
amazing designs. 
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Amount of uplift—The amount of uplift in the producing sands 
appears to vary from a few hundred feet in the deepest flank sands to 
more than 3,000 feet for the sand on the top of the structure. Frag- 
ments of beds older than Miocene have been found here and there 
pushed upward on the face of the salt, but on the south flank heaving 
shale, thought to be Oligocene in age, was encountered at 7,980 feet, 
or several thousand feet above its normal position. It is worthy of 
note that some of the deeper strata encountered in the Mississippi 
delta region are reported to contain faunal assemblages more typical 
of the Mexican strata than that commonly encountered in the strata 
of the Texas-Louisiana Gulf Coast Plain. 

Drilling operations —To January 1, 1938, thirty wells had been 
drilled on or in the vicinity of the dome of which ten were commercial 
wells. Because the sands were difficult to locate, much sidetracking 
has been done, and the total depth of the original wells does not give 
any true indication as to the amount of footage actually drilled or the 
amount of time and money expended in the operation. 

All drilling operations in southern Louisiana and, particularly, the 
delta region of the Mississippi and Atchafalaya rivers are confronted 
with the problem of successfully penetrating unconsolidated sedi- 
ments containing a large proportion of massive sand and gravel strata 
of Pleistocene, Pliocene, and Miocene ages. This situation prevails at 
Darrow and interesting results were observed, particularly in the 
case of cement plugs set for sidetracking purposes. It was found that 
the mud fluid flowed into some of the deeper sands at such a rapid 
rate that only the core of the cement plugs was enabled to set, and 
the plugs themselves would be found considerably below the original 
setting position. As the plugs were in motion during setting time, there 
_ was no combination with the walls of the hole, and additional cement- 
ing operations were necessary. It seems quite possible that this same 
type of condition may have affected many operations where casing 
cement jobs were defective. At Darrow, the percentage of sand sec- 
tion may conservatively be estimated at more than half of the total 
sediments penetrated. 

The depths to the oil sands in the upper flank-producing area vary 
from 5,488 to 5,751 feet, probably due to faulting. This factor also 
probably accounts for the fact that the gravity of the oil obtained 
from the respective wells varies from 33° to 41.8° A.P.I. In the deeper 
and recently discovered producing level, the top of the sand is found 
from 6,888 to 6,985 feet and the oil is approximately 39° A.P.I. 
gravity. 

The deepest well drilled on the dome was the Gumbel No. g on 
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the south flank, which was abandoned in heaving shale of Oligocene 
age at 7,980 feet. This well had a very short section between the 
Middle Miocene and the Oligocene, hence there is a possibility that 
the missing section of hundreds of feet may be found lensed out 
against the dome downdip from this structural position. 


OIL PRODUCTION 


Because the production is practically confined to the flank belts 
which are of limited horizontal extent, the actual proved area at the 
end of 1937 was only about 40 acres. It is thought that the present 
belts may extend around the dome at approximately the same relative - 
positions with respect to the salt contours but both are probably very 
narrow. 

Cost per barrel of oil produced on the dome has been relatively 
high because of the hazards of structure involved and compares un- 
favorably with super-cap production from sands at the same general 
depth. On December 31, 1937, daily production of 2,074 barrels was 
being obtained from eight wells, and the dome had produced 1,518,921 
barrels of pipe-line oil to the end of the year. 
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CRETACEOUS AND EOCENE STRATIGRAPHY OF 
BARRILLA AND EASTERN DAVIS MOUNTAINS 
OF TRANS-PECOS TEXAS! 


C. T. JONES? 
Casper, Wyoming 


ABSTRACT 


Cretaceous sedimentary formations and Eocene volcanic rocks crop out in, and 
adjacent to, the Barrilla and Davis mountains of trans-Pecos Texas. The Lower Cre- 
taceous (Comanche series) is represented by a basal section of Trinity (?) and Freder- 
icksburg age; a medial section consisting of Comanche Peak limestone, the Edwards 
formation, and the Kiamichi clay all of Fredericksburg age; and an upper portion of 
Washita age made up of the Georgetown limestone and the overlying Grayson clay and 
Buda limestone. Only the top member of the Washita group, the Buda limestone, crops 
out contiguous to the mountain front. 

The Upper Cretaceous (Gulf series) is represented by the Eagle Ford, Austin, and 


Taylor formations. The basal Upper Cretaceous, the Woodbine sand, is absent and. 


Eagle Ford strata are in contact with the underlying Buda. 

Of considerable interest is the unconformity between the Cretaceous and Eocene. 
Before the volcanic rocks encroached, the land surface was very flat and gently in- 
clined as great uniformity characterizes the lava flows. A few lake deposits are associated 
with the basal igneous section. Each lava flow maintains constant lithologic character- 
istics and can be recognized from hand specimens with one exception. 

These volcanics can be used to good advantage in structure mapping because the 
reflect the folding affecting underlying sediments and extend over wide areas with 
relatively uniform change in thickness and interval. 

It is evident that the source of these extrusions was at the west and southwest. 
A constant increase in thickness and quantity of intrusive activity in that direction 
tends to substantiate this assumption. 


INTRODUCTION 


The Barrilla and eastern Davis mountains are in parts of Reeves, 
Jeff Davis, Pecos, and Brewster counties, trans-Pecos Texas, and 
flank the Toyah structural and topographic basin on the southwest. 
The Barrilla Mountains are actually a northeastward outlier of the 
Davis Mountains, one of the prominent ranges of the region, and 
separated from them by a pronounced syncline through which flow 
the headwaters of Limpia and Toyah creeks (Fig. 1). Baird Mountain 
is a topographic crest at the southeastern extension of the Barrilla 
Mountains. 

The eminences of the Barrilla and Davis mountains are a result 
of both folding and the resistant character of the strata. Elevations of 
the piedmonts are approximately 3,500 feet; the topographic crest of 
the Barrillas has an elevation of 5,532 feet; Star Mountain (Fig. 2), 
on the eastern extremity of the Davis Mountains, reaches 6,350 feet, 


1 Published by permission of the Stanolind Oil and Gas Company, Tulsa, Okla- 
homa. Manuscript received, August 2,. 1938. 


2 Geologist, Stanolind Oil and Gas Company. 
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and other heights in the Davis Mountains farther west are more than 
7,500 feet in elevation. The higher elevations are ordinarily flat 
mesas of lava; sharp peaks are comparatively rare. Arduous walls and 
precipitous cliffs do occur along the streams and canyons where 
perennial water is present with accompanying, copious vegetation. 
Due to the ruggedness of the terrane, roads are generally confined 
to the valleys. An all-weather highway connecting Fort Davis and 
Balmorhea, the two towns in the area, traverses the upper courses of 
Limpia Creek. Views from this road of the surrounding terrane are 
spectacular both from a geologic and scenic point of view. 


Fic. 2.—View of Star Mountain northwest from Limpia Canyon, showing Taylor 
sedimentary flats, thick basal rhyolite lava, and overlying succeeding flows. 

W. G. Moxey assisted in this work which was accomplished in 
1936 for the purpose of determining the structure of the area. It is 
hoped that this article can be supplemented by a study of the struc- 
ture. Grateful acknowledgment is expressed to R. I. Dickey who aided 
in the subsurface determinations of wells drilled in the area. 

Because of the great relief and the abrupt changes in gradient, 
many areas, especially along the lower courses of the streams where 
they debouch from the mountains into the flats of sedimentary out- 
crop, are covered with mantles of recent alluvium in the form of fans. 
These were omitted on the accompanying areal map (Fig. 3) for the 
sake of clarity, and it should be understood that the map submitted 
herewith presents a picture of the outcrops with this alluvium, where 
present, deleted. 

LOWER CRETACEOUS STRATIGRAPHY 

Although the Buda limestone member of the Washita group is the 

oldest Cretaceous outcropping immediately adjacent to the mountain 
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Fic. 3.—Areal geology of Barrilla and Davis mountains. 
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front, other Lower Cretaceous formations are exposed a few miles + 
southeast in the vicinity of Hovey. These beds were encountered in Ee - 
the Humble Oil and Refining Company’s McCutcheon No. 1 well f & 
drilled in Limpia Canyon, just south of Star Mountain, and in the ae 


Dixie Oil Company’s Herschenson No. 1 well drilled a few miles 
northeast of Baird Mountain. A stratigraphic description of these 
rocks is, therefore, included herewith. 


BASAL SECTION 


Overlying a section composed of considerable red sand and some e | 

red limestone, which is not entirely typical Dockum (Triassic) in a 

character and is classed by some as Bissett (Lower Cretaceous), are roa 
approximately 250 feet of strata which are either late Trinity or early .. 


Fredericksburg in age. In the Humble well in Limpia Canyon this 


section is approximately divisible into two parts; the basal half con- ° . 
sists of light gray limestones, dark gray shales, variegated sandy ee 
limestones, and medium-grained soft ferruginous angular sands with ‘> | 
a distinct conglomeratic zone at the base; the upper half is made up of See 
interbedded gray limestone and dark gray shale. Bi 
In the Dixie well the basal Cretaceous section is similar except that eS 
the lower half is more arenaceous, the sands being more variegated en = 


in color and greater in quantity with the basal section much coarser 
and conglomeratic. 

The outcrops of this basal section in closest proximity to the 
mountains are in west-central Pecos County where they consist of 
reddish and brown ferruginous laminated sandstones.’ A great varia- : 
tion in thickness and character of these strata is evident and is the ii 
result of the undulating pre-Comanche land surface which the early + So 
Cretaceous sea invaded. Whether the basal strata in the Barrilla area 
are Trinity or Fredericksburg or both is not definitely shown, but in 
a well drilled a few miles west of Hovey evidence has been presented 
that the basal Cretaceous beds encountered were probably Trinity in 
age.* 

As the invasion of the sea was from the south and the evidence 
cited in the foregoing paragraph is considered extraordinary in that it 
is some distance north of exposures of unquestioned Trinity age, it 
is extremely doubtful if the basal Cretaceous section underlying the 
Barrilla area is older than very late Trinity. Furthermore, evidence 
indicating Fredericksburg age has been found from the upper beds of 


3 W. S. Adkins, “The Geology and Mineral Resources of the Fort Stockton Quad- 
rangle,” Univ. of Texas Bull. 2738 (October 8, 1927), p. 32. 


4 Tbid., p. 34. 
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this basal section at the outcrop in the vicinity of Fort Stockton.5 

It is worthy of note that most well sections of this basal sand are 
thicker than most measured outcrop sections and, furthermore, ap- 
parently contain a greater amount of calcareous material. This may 
be because most surface exposures are believed adjacent to pre- 
Comanche topographic “highs” and, therefore, did not receive a 
maximum of basal Cretaceous deposition.® 


FREDERICKSBURG GROUP 


Conformably overlying the basal section is the Fredericksburg 
group, 200 feet of fossiliferous limestones, marls, and clays. This 
series consists of the Comanche Peak limestone at the base, the 
medial Edwards formation, and the upper Kiamichi clay. It is present 
in all wells drilled in, and adjacent to, the Barrilla area and crops out 
on the Hovey dome southwest of Hovey. 

The Comanche Peak limestone is about go feet thick and consists 
of soft nodular, thin-bedded, argillaceous, grayish buff limestone at 
the base grading upward into a more indurated similar section. It 
crops out in a series of benches due to the presence of laminae of 
different thickness and hardness, the indurated rudistid-bearing 
strata forming cap rocks. It is believed that this limestone contains 
the equivalent of the Walnut clay.’ 

Conformably overlying the Comanche Peak is the Edwards 
equivalent consisting of slightly more than 50 feet of soft calcareous 
shale and marl capped by a hard 4-foot bed of buff limestone. This 
section has been referred to as the University Mesa marl.* The top 
indurated bed forms very prominent benches and supports many 
ocotillo thickets. The underlying fossiliferous clay and marl, being 
much softer although containing some limestone laminae which are 
well exposed on the Hovey dome, is in may places concealed by talus. 
On the outcrop it displays a brown ferruginous color in contrast to the 
Comanche Peak limestone beneath. 

Conformably the Kiamichi clay overlies the Edwards, is a little 
more than 60 feet thick, and consists of fossiliferous ferruginous- 
stained yellow marly clay containing a few soft lighter beds of lime- 
stone. It ordinarily crops out on the steep talus slopes of hills capped 
by the basal Georgetown or Duck Creek limestone and appears as a 
barren light brown or yellow band across the landscape. 

5 W. S. Adkins, op. cit., p. 33. 

Tbid., pp. 36-37. 

7™W. S. Adkins, op. cit., p. 37. 


* “The Geology of Texas, Vol. 1, Stratigraphy,” Univ. Texas Bull. 3232 (August 
22, 1932), P. 339. 
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WASHITA GROUP 


The Washita group, as determined from its outcrop west of Hovey 
and from well sections in, and adjacent to, the Barrilla area, has a 
thickness of approximately 275 feet. Because, in the wells, the section 
appears to be predominantly limestone and the individual members 
of the group are indeterminable, it has been referred to as the 
Georgetown limestone and is thus shown in Figure 3. 

However, in the vicinity of Hovey the individual members are 
distinguishable and compare favorably with other outcrops on the 
east toward Fort Stockton.® A soft white nodular fossiliferous lime- 
stone, the Duck Creek, overlies the upper Fredericksburg or Kiamichi 
clay with apparent conformity. This lower cap rock is succeeded in 
ascending order by the following members: the Fort Worth limestone, 
the Denton limestone, the Weno formation, and the Main Street | 
limestone. North of Hovey the Main Street or upper Georgetown is 
succeeded by a conformable, thin fossiliferous yellow clay, the 
Grayson, containing an abundance of Exogyra arietina.© At the top 
of the Washita group and conformably overlying the Grayson is the 
prominent Buda limestone, white to gray, hard, fine-grained evenly 
bedded limestone containing many ferruginous and coralliferous 
laminae, especially near the top. It weathers into hard white blocks 
which, due to their very resistant character, may easily be recognized. 
This member of the Washita group crops out adjacent to the moun- 
tain front and perhaps is exposed a maximum of 4c feet in thickness. 

The Dixie Oil Company’s Hershenson No. 1 commenced a few 
feet above the Georgetown-Kiamichi contact, topping the Kiamichi 
close to 25 feet. There was, therefore, approximately 475 feet of 
Cretaceous sedimentary rocks encountered in this well. 


UPPER CRETACEOUS STRATIGRAPHY 


As the Woodbine sand is missing in this area, the eroded surfaces 
of the Buda limestone are overlain by Eagle Ford strata with an 
undulating contact. The Eagle Ford, or Boquillas flags, as the facies 
has been termed in this area," consists of salmon- to lavender-colored, 
even-bedded and laminated hard dense flags and bluish gray cal- 
careous shale. Gypsiferous material is locally present. Most of the 


® W. S. Adkins, op. cit., pp. 42-48. 


10 “The Geology of Texas, Vol. 1, Stratigraphy,” Univ Texas Bull. 3232 (August 
22, 1932), P. 394. ‘ 


Tbid., p. 423. 
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strata are dark gray at the fresh outcrop but rapidly oxidize into the 
lighter colors. A thickness of 350 feet was measured in the area. 

With a somewhat gradational contact the Austin next occurs. It 
is possible, however, to distinguish the same contacting strata at dif- 
ferent exposures because, stratigraphically -upward, the flagstones 
abruptly disappear even though a gradational increase in chalk occurs. 
This transition is accomplished within 20 feet of section and the 
contact used in the mapping was the top of the flagstones which, being 
generally a little harder than the overlying chalky stratum, forms a 
low bench, but above, by approximately 20 feet, the first typical 
chalky Austin limestone appears. In the Barrilla area, in contrast to 
other localities, the Austin is a little more resistant to erosion than 
the Eagle Ford; therefore, Austin outcrops are more common than 
Eagle Ford. 

The Austin consists of white, chalky limestones at the base, grad- 
ing upward into gray marly limestone which weathers into white 
and yellow chalk and yellow clay. Inmoceramus subquadratus casts are 
plentiful and the upper half of the formation consists of much more 
clay and shale than the lower haif. 

The Taylor and Austin are conformable. In fact, upper Austin 
and lower Taylor can not be differentiated lithologically. Exogyra 
ponderosa, diagnostic of this section, was observed at many exposures; 
some of these forms reached the remarkable size of more than 3 
inches in diameter. Gryphea newberryi was recognized from the Taylor 
marls and clays. A thickness of 450 feet was measured for Austin and 
Taylor beds; of this, approximately 300 feet is assigned to the Austin. 

Since an hiatus occurred, at least after basal Taylor deposition and 
previous to the encroachment of the first Eocene volcanic rocks, a 
prominent zone of lixiviated material is locally present at the top of 
the Taylor marls. This zone commonly appears in banks of yellow 
clay abundant with pelecypods and forms a prominent band of color 
and vegetation along the foot of the basal lava escarpment. 

The Humble Oil and Refining Company’s McCutcheon No. 1 com- 
menced a few feet below the base of the Eocene volcanic rocks in the 
top of the Taylor and found the base of the Upper Cretaceous at 
about 1,130 feet. Included in this 1,130 feet, however, was an igneous 
sill, 390 feet in thickness, entirely confined to Eagle Ford strata. As 

the base of the Lower Cretaceous was found at approximately 1,860 
feet, about 1,470 feet of Cretaceous material was present in this well. 


TAYLOR-EOCENE UNCONFORMITY ZONE 


A major unconformity exists in the area between the basal Taylor 
and the first volcanic rocks (Fig. 5) which have been assigned an 
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Eocene age due to the occurrence of limited fauna and flora. The 
upper part of the Taylor, and the normally overlying Navarro, are 
missing and it is not determinable whether their deposition ever oc- 
curred in the area. 

A period of deformation, known as the Laramide and of great 
prominence and duration in the Rocky Mountain region, occurred 
during this hiatus, and throughout trans-Pecos Texas the sedimen- 
tary-igneous contact varies in the age of the contacting strata. How- 
ever, throughout the area under discussion, the basal volcanic rocks 
are at all exposures in contact with the Taylor marls and clays, and in 


F1c. 5.—Pebbles in tuffaceous sand matrix. Taylor-Eocene unconformity zone. 


most places Exogyra ponderosa is identified from strata immediately 
subjacent to the basal volcanic stratum. Therefore, little flexing, if 
any, resulted from this period of deformation in the Barrilla area. 

The unconformity zone varies in thickness from a clean-cut con- 
tact of lava and sediments, with an expected marmarized zone, to 
60 feet. Many facies of this zone occur, some of which are herewith 
tabulated: (1) gray clay underlying white tuff; (2) gray clay contain- 
ing pebbles and cobbles underlying white tuff; (3) white to gray fine 
cross-bedded tuffaceous sand containing pebbles underlying white 
tuff; (4) typical weathered yellow Taylor clay under white tuff; 
(5) indurated yellow and brown quartzitic sand with pebbles under 
tuff; (6) pebbles of Taylor or Austin limestone or marl under tuff; 
(7) white and buff tuff cross-bedded with pebbles; and (8) lava flows 
in direct contact with marls with no zone of weathering but with 
evidence of metamorphism of subjacent strata. 

The pebbles and boulders of this zone are of especial interest. Their 
source is undoubtedly the Glass Mountain and Marathon areas on the 
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southeast because, as this zone is traced in the field in that direction, 
the black chert content, recognized as Maravillas, obviously increases. 
The pebbles also include material from Comanche limestones and 
Permian limestones and quartzites. All pebbles are well rounded but 
flat, ordinarily with three unequal axes—one comparatively long and 
one comparatively short—and vary from } inch in diameter to cobbles 
as large as 2 feet in diameter. The gravels commonly occur in “banks,” 
not necessarily being continuous between outcrops, although some 
are disseminated throughout the unconformity zone at some ex- 
posures. 


Fic. 6.—View west of Big Ajuga Canyon from northwest flank of Star Mountain. 


This unconformity is a prominent water-seepage plane and vege- 
tation is generally more prolific at this zone. Throughout all the area 
investigated, few seeps or springs were found which did not emanate 
from this zone. 

EOCENE VOLCANIC ROCKS 


Although extrusions in the form of lavas and tuffs constitute the 
greater amount by far of Eocene volcanic rocks, locally there are 
associated with these beds some sedimentary rocks but their occur- 
rence is extremely rare. 

These lenticular, fine-grained, tuffaceous beds are thought to be 
lake deposits and are found only in the basal igneous section, in the 
main composed of tuffs. In one locality along both sides of Limpia 
Creek near the Jeff Ranch, such a deposit crops out a short distance 
stratigraphically over the unconformity zone. It consists of very 
fine-grained, calcareous, hard tuff containing casts of a mollusk, 
probably Helix. 
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Although the evidence pointing to an early Tertiary age of these 
lava flows and tuffs is entirely conclusive, sufficient evidence has not 
yet been presented positively to place their age within a definite part 
of Eocene time.” It is regretted that no definite evidence was dis- 
covered during the course of the work which would add to that 
found in the current literature. 

In the Barrilla area an igneous section of 1,500 feet in thickness 
was measured. Westward, in the eastern Davis Mountain area, in the 
vicinity of Star Mountain, this section had increased to about 1,800 
feet due primarily to a thickening of the basal flow. Farther west in 


Fic. 7.—Short Canyon showing thick basal flow. 


the Davis Mountains (Fig. 6) the section is believed to have thickened 
tremendously but no detailed work was carried back that far because 
less uniformity appeared in the later basaltic flows, due to an in- 
creased amount of intrusive activity. 

A definite sequence in the stratigraphy of the igneous section 
exists in the trans-Pecos:'* (1) basalts (Pliocene) at top, (2) andesites, 
(3) trachytes, (4) pantellerite-paisanite, and (5) rhyolites at base. 

The igneous rocks of the Barrilla and Davis area tend to conform 
with the basal part of this sequence and farther west from the area 
under discussion, where younger volcanics come in over the Barrilla 
section, basalts crop out. 

The common section in the area, ascending from the unconformity, 
consists of a lower tuff section of hard and soft, coarse- and fine- 


12 “The Geology of Texas, Vol. 1, Stratigraphy,” Univ. Texas Bull. 3232 (August 22, 
1932), p. 804. . 
13 Thid., p. 805. 
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grained, white to buff tuffs which, near the base, contain large quanti- 
ties of fossil wood and stumps as thick as 3 feet in diameter. Over this 
are other tuff and ash beds, in places concealed by talus from the 
thick overlying basal lava flow, which are softer and darker in color. 
At many exposures of this upper section, thick banks of dark gray and 
black ash with bombs, much calcite, and green secondary copper 
veining, are found. 

Next, a 300-foot flow of massive red and brown rhyolite porphyry 
occurs. This lava is the main cliff-former of the region and in many 
places crops out in two benches, each exhibiting columnar jointing 
to some extent. It thickens to 615 feet in the Star Mountain area 
(Fig. 7), and farther west, on the flanks of Timber Mountain, appears 
to have increased to nearly 1,000 feet in thickness. 

Immediately overlying are more white to buff bedded tuffs fol- 
lowed by the second lava flow, a rough-surfaced, red to orange 
scoriaceous rhyolite porphyry. This stratum, although only 20 feet 
thick, is widespread and maintains a somewhat constant stratigraphic 
interval of 100 feet over the thick basal lava flow. 

The third lava flow is both underlain and overlain by the most 
prominent tuff section in the area. These well indurated tuffs are 
white to buff in color, harder than common, and weather into all sizes 
of granular blocks. The third lava consists of brown but predomi- 
nantly blue and gray vesicular rhyolite. It has the physical appearance 
of basalt when examined megascopically but the color is misleading 
as it contains an abundance of quartz. At some exposures of this bed, 
a very extraordinary rock was found. It closely resembles, and may 
be defined by, the type pantellerite, being intermediate between 
rhyolite and trachyte in one classification, and between pantellerite 
and dacite in another. This rock is dark purplish and has a plagio- 
clase felsitic groundmass with large phenocrysts of blue and pink 
quartz in the form of geodes and druses. This stratum evidently is 
correlative with No. 4 of the aforementioned sequence; the lower two 
flows, of course, being the complements of No. 5, and the next suc- 
ceeding flows above, being trachytes, are the correlatives of the No. 3 
group. This third lava is only a minor flow, being just 8 feet in thick- 
ness, and is not as widespread as the rest of the extrusions. It is 150 
feet stratigraphically above the second flow and 675 feet below the 
top of the igneous section exposed in the area. 

The fourth lava consists of some red but predominantly brown 
fragmentary crystalline trachyte. In the Barrilla area, it has a thick- 
ness of 25-50 feet but toward the southwest it thickens to more 
than 100 feet. It is a very prominent scarp-forming bed (Fig. 8) and 
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has a rather uniform and even top and base. It is 400 feet below the 
top of the section and 275 feet above the third lava flow. 

Overlying are more white to buff tuffs which in turn are succeeded 
by smooth brown trachyte porphyry with a very fine-grained ground- 
mass; this fifth lava flow is only 5 feet thick. It is 80 feet below the 
top of the section and 320 feet above the fourth flow. In many places 
it is concealed by talus from the overlying bench-forming lava. 

At the top of the igneous section is brown-surfaced, purple and 
blue fragmentary crystalline trachyte lava, the sixth flow. It forms a 
prominent scarp and averages approximately 25 feet in thickness; the 


Fic. 8.—Dip slope of fourth laval flow on northeast flank of Star Mountain. 
Strike N. 60° W., dip 14° NE. 


top and base are rather even and uniform. Farther west and south- 
west, it is succeeded by younger extrusions but these were not in- 
vestigated during the course of the work because of their apparent 
variation. 

The lava flows of the Barrilla and eastern Davis mountains are 
very remarkable because of several facts. First, although a lithologic 
change is accomplished from rhyolites below to trachytes above, each 
flow maintains its own common characteristics over the whole area. 
Thus, in areas of much faulting and deformation, of which there are 
many, each flow can be determined, megascopically, from a hand 
specimen, with the possible exception of the thick basal flow and the 
thinner second flow which can be confused unless observed at the 
actual outcrop. For these the thickness of the outcrop is the governing 
criterion. 

Second, these lava flows are extensive over large areas. They may 
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be traced farther north and south, or along the strike of the igneous 
front, than east and west. It is evident, therefore, that these flows en- 
croached over a very flat and gently inclined surface, the pre-Eocene 
terrane being well base-levelled. 

Third, it has been shown that these lava flows thicken toward the 
west and southwest but this thickening is very uniform and gradual. 
Perhaps the greatest amount of thickening, both in relation to the 
total thickness of the igneous section and to one single flow, is in the 
basal flow. It is apparent then that the source of this lava must have 
been in that direction. It is west and southwest, in the vicinity of 


Fic. 9.—Domal igneous uplift southeast of Fort Davis along Alpine road. 


Fort Davis, where major intrusions and igneous uplifts make their 
appearance. It is considered, therefore, that the source of these 
volcanic rocks was in the Davis Mountain area west of the town of 
Fort Davis. 

INTRUSIVES 


Although considerable areas of the Davis Mountains have been 
severely intruded, only a few evidences of intrusives exist in the 
Barrilla Mountain area where several small intrusive plugs were 
found. The materia] in these plugs consists of two facies: (1) an ag- 
glomerate of red to brown rhyolite with imbedded fragments of other 
volcanic and sedimentary rocks; and (2) purple and brown crystalline 
trachyte, similar to the fourth and sixth lava extrusions. These plugs 
were surrounded by a metamorphosed rim which weathered into the 
form of a circular depression around the periphery of the plug. 

Prominent intrusions are present in the south part of the Fort 
Davis topographic sheet in the Davis Mountains (Fig. 9). These have 
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formed domes of circular shape and somewhat pronounced uplift. The 
lava beds occupying the depressions between these domes are either 
flat or very greatly inclined. Not all the areas shown in Figure 3 con- 
sist of actual igneous intrusions but a prominent circular doming of 
older extrusions was considered positive evidence of subterranean in- 
trusive action and uplift. 

In the Humble well, drilled in Limpia Canyon, 390 feet of in- 
trusive material was encountered in Eagle Ford strata between the 
depths of 480 and 870 feet. As no evidence of intrusions was found in 
outcrops of sedimentary rocks in the area, this sill is evidently local. 
That a distinct doming of the strata occurs in this immediate area is 
considered the resultant of this and possibly other intrusive sills. It 
is suggested that the quaquaversal structure known as the Hovey 
dome, sovthwest of Hovey, currently being tested by Dodson ef al., 
Texas American Syndicate No. 1, may also be the resultant of sub- 
terranean igneous activity. 
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THE GEOLOGIST AND THE WELL-SPACING PROBLEM! 


EDGAR KRAUS? 
Carlsbad, New Mexico 


ABSTRACT 


Following a summary of recent and widely accepted engineering thought on well 
spacing, geologic phases of the problem are outlined and discussed. Need of a revised 
viewpoint on the part of the geologist toward wider well spacing in view of new produc- 
ing conditions is emphasized. 


INTRODUCTION 


The geologist, of the technical men in the oil industry qualified 
to have an opinion, appears to be the most skeptical concerning ade- 
quate recoveries under wider well-spacing patterns than were formerly 
used or are now in use in many areas. In attempting to convince | 
geologists that under modern producing conditions recoveries equal : 
to, or greater than, those formerly obtained are possible with wider 
well spacing, it has become evident that many of them although 
realizing the economic necessity of such wider spacing do not fully 
recognize the engineering and geologic factors involved. 

One important reason for this doubting attitude may be that 
geologists as a whole have lost intimate contact with producing 
fields. In the past, when the old methods of open-flow, untubed, un- 
restricted production were practiced, geologists were in close touch 
with drilling and producing operations and formed definite opinions 
concerning drainage areas, interference patterns, and recoveries. At 
present the production engineer has, in large measure, replaced the 
geologist as the technical representative confronted with development 
and production problems of new fields where modern methods of 
production, including restricted flow forced on the industry by prora- 
tion, are practiced. Most geologists, therefore, formulated opinions 
based on old field experience and they have not had the opportunity 
to revise those concepts after close observation and intimate field con- 
tact with the newer prorated and restricted production methods. 

It is the purpose of the writer briefly to outline the most recent and 
widely accepted engineering thought on the subject of well spacing 
and to point out some of the salient corresponding geologic interpre- 
tations. 

Committees of engineers, lawyers, and operators of the American 
Petroleum Institute and Independent Petroleum Association of 


1 Manuscript received, August 1, 1938. 
? The Atlantic Refining Company. 


1440 


Va 

i 

7 

of 


GEOLOGIST AND WELL-SPACING PROBLEM 1441 


America® as well as many individuals‘ have given thought and study 
to legal,> economic, and engineering aspects of the well-spacing prob- 
lem. The legal and economic viewpoints, though important, are 
not stressed here, but it would be well to refer to W. E. Hubbard’s 
paper, “Economics and Well Spacing in Texas,’* and Joseph E. 
Pogue’s ‘Economic Aspects of Drilling.’’” 

These papers in the words of Pogue bring “‘to a focus the economic 
advantage of wider well-spacing patterns.” 


ENGINEERING VIEWPOINT 


Mathematical analysis has demonstrated the small influence that 
gas-well density bears on ultimate recovery from gas fields. Mac- 
Roberts® in his very fine paper concludes that “Intensive drilling in 
gas reservoirs will increase the ultimate recovery but slightly.” 


Stephenson® in an even more recent publication points out that 


high-pressure fields with high gas-‘‘oil’” or gas-condensate ratios 
should be operated as gas fields, which in light of MacRoberts’ work 
indicates that well spacing in that case becomes a matter of con- 
venience and economics and has little relation to drainage. 

Although mathematical analysis for fields predominantly oil- 
producing is not yet possible, experimental work and study by various 
agencies are going forward and more work is planned which, it is 
hoped, will lead to analysis similar to that accomplished for gas fields 
and may even make possible formulation of a correct well spacing for 
different operating conditions when certain fundamental engineering 
data are known concerning the reservoir.!° Though that mathe- 
matically accurate formula is not available yet and may never be as 


3 “Report of the Sub-Committee of Nine on Evils Attending Unnecessary Drilling 

in Proven Fields, and the Remedy” (Independ. Petrol. Assoc. America, 1936 and 
1937), Independent Monthly (January, September, and December, 1937). 

4 E. A. Stephenson, “Some Consequences of Close Spacing in Kansas” (presented 

before Amer. Petrol. Inst. Prod. Div., 1938), Oil Weekly, Vol. 90, No. 3 (June 27, 1938). 

M. G. Cheney, “Economic Spacing of Oil Wells,” Bull. Amer. Assoc. Petrol. Geol., 
Vol. 19, No. 6 (June, 1935), pp. 876-99. 

5 Legal Phases of Well Spacing, by the Legal Sub-Committee on Well Spacing of the 
Committee of the Board of Directors of the American Petroleum Institute on Well 
Spacing (May, 1938). 

6 Trans. Amer. Inst. Min. Met. Eng., Vol. 123 (Petrol. Div., 1937), p. 163. 

7 Bull. Amer. Assoc. Petrol. Geol., Vol. 22, No. 6 (June, 1938), p. 633. 


8D. T. MacRoberts, ‘“‘Relation of Gas-Well Spacing to Ultimate Recovery,” 
Trans. Amer. Inst. Min. Met. Eng., Vol. 127, Petrol. Div. (1938), pp. 146-58. 


®E. A. Stephenson, “Behavior of Contents of High-Pressure Reservoirs,” ibid., 
pp. 189-98. 

10M. Muskat, R. D. Wyckoff, H. G. Botset, and M. W. Meres, “Flow of Gas- 
Liquid Mixtures through Sands,” Trans. Amer. Inst. Min. Met. Eng., Vol. 123, Pet. 
Div. (1937), Pp- 69-96. 
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exact as desired, still study and experiment have gone forward far 
enough to make the summation of engineering principles quoted in 
the following paragraph a generally accepted basis upon which the 
geologist can begin building a new viewpoint. 

The most enlightened engineering viewpoint can best be given by 
quoting parts of a summary report by the Special Study Committee 
on Well Spacing presented to the Committee of the Board of Direc- 
tors of the American Petroleum Institute on Well Spacing in May, 
1938, and printed in several trade journals. 


ENGINEERING PRINCIPLES IN PRODUCTION OF RESERVOIR 

1. It is generally agreed that the maximum rate at which a pool can be 
produced efficiently and economically can be determined. 

2. To gain the greatest ultimate recovery ratable withdrawals from the 
reservoir must be maintained. 

3. The rate of withdrawal materially affects the drainage area of a well. 
Given the former, engineers may, with reasonable limits, determine the 
latter. Under restricted withdrawal, regional reservoir drainage results 
and the drainage area of a well becomes indeterminate, reaching in 
some cases to remote points in the reservoir. Under such conditions, 
the efficient drainage area of a well becomes that size of uniform geo- 
metrical pattern which will insure adequate wells for reservoir drainage 
and ratable withdrawal. 

4. The same or greater efficiency of recovery can be obtained by wider 
spacing at lower rates of flow per acre than by close spacing at excessive 
rates of flow per acre. 

5. Well density, within reasonable limits, is not a factor affecting ultimate 
recovery when ratable withdrawals by the owners of the oil in place is 
observed in a pool.... 

6. The maximum ultimate recovery by eliminating underground waste 
and preventing premature or improper encroachment of water is ob- 
tained by the efficient use of reservoir energy, either natural or arti- 
ficially introduced, limited only by economic considerations. 


It should be emphasized that ‘‘Engineering Principles” as quoted 
here are a result of observation and study of pools and reservoirs under 
proration where production has been through restricted rates of flow. 
The whole pool, it will also be noted, is considered rather than a well or 
lease in that pool. Many of the conceptions still held by geologists are 
based on old “open flow” conditions and involve the single lease or 
well rather than the pool or reservoir as a whole. 


GEOLOGICAL VIEWPOINT 


In considering reservoir conditions as related to well spacing the 
geologist is prone to overemphasize irregularities in the producing 
horizon. Irregularities in porosity and permeability, unconformities, 
sand lensing, shale partings, cavities in limestone reservoirs, and 
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similar phenomena are frequently cited as conditions which make 
close spacing necessary. The reasoning behind these assertions is not 
clear. If first we assume that in dealing with this problem only com- 
mercial or near-commercial accumulations of oil are involved, then it 
can confidently be stated that most reservoirs are continuous and 
have extensive areas of connected porosity or permeability. The very 
processes of deposition of the sediments forming the reservoir and the 
processes which induced the porosity entail in most instances a con- 
tinuity within the reservoir which is sufficient to insure drainage under 
properly controlled physical conditions. 

There is no intention here of minimizing the effect of unconformi- 
ties, faults, changes of porosity, sand lenses, shale partings, et cetera, 
in limiting the extent of a reservoir, but once the geologist has satisfied 


himself concerning the limits of any one reservoir then the variations ° 


mentioned can not materially affect the spacing problem or the degree 
of effectiveness of drainage. 

Much confusion seems to exist in this regard. Knowledge of exact 
reservoir conditions throughout the field and various parts of it is 
most important in determining reservoir contents and probable lease 
or well recoveries (oil in place) or in designing the ideal proration 
formula for a field to insure ratable withdrawals or in determining 
proper rates of flow for the field as a whole and for various parts of it. 
Such knowledge is of only very minor use in the consideration of well 
spacing. 

That this is true and accepted by many geologists is borne out by 
the statement so often made that “if properly located I can drain a 
structure (or a pool) with one well (a ring of wells, a line of wells, 
et cetera).”” Yet frequently these same geologists will insist that 
x plus y number of wells are required to drain the lease in which they 
interested in contrast to x wells on the offset lease, because of dif- 
ferences in porosity, et cetera, et cetera. 

If fields and wells are so produced as to approach the engineering 
ideal of pressure maintenance and flow of oil to the well bore in the 
liquid phase, then variation in porosity of even large amount (pro- 
vided there still remains a reasonable minimum permeability) will not 
affect drainage. Pressure should be maintained either artificially or by 
restricting withdrawal from the reservoir to such a rate as to permit 
edge and bottom water to fill the voided space. If the field is to be 
produced as an oil field, then gas produced with the oil should be 
limited to that normally dissolved in the oil in the reservoir and no 
free gas produced. Withdrawals miust be distributed so that no coning 
of water or depression of the gas-oil contact occurs locally and so that 
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no large pressure anomalies occur. In reaching such ideal or nearly 
ideal conditions which make wide well spacing possible, reservoir 
variations must be fully considered though they have little effect on 
well spacing itself. 

Under such ideal conditions a cavern in a limestone reservoir will 
be drained as effectively if the well bore penetrates a joint, crevice, 
or streak of porosity which is connected to the cave as if it taps the 
cavern itself. Under such conditions, too, a well drilled into a 3-foot 
sand will drain a near-by and connected lentil 30 feet thick as effec- 
tively as a well drilled through the lens itself. 

Again this statement is not to be interpreted as meaning that 
determinations of ‘‘oil in place” or proper rates of flow for the wells 
and field must not take such variations into consideration. 

If a limestone contains caverns without connecting joints, crevices, 
or porous zones, then to drain the cavern only a well which actually 
penetrates it will serve. A commercial accumulation of oil contained 
in only one cavern would postulate a large cave, and in that event 
well spacing within the limits of the reservoir would not be a problem. 
If there are many small, isolated, unconnected caverns, a spacing 
that insures at least one well to each cavern would be required and 
that condition might be used to illustrate one of the few instances 
justifying close well spacing. However, such a reservoir is difficult to 
imagine, since it would force the geologist to some bizarre theorization 
to account for the caverns themselves or the accumulation of oil in 
them. Either dolomitization or ‘‘acid-water” theories explaining for- 
mation of porosity or caverns in limestone require percolating or cir- 
culating waters or extensive exposure of considerable areal extent to 
ground water or sub-aerial erosion all of which result in openings or 
reservoirs having continuity. 

Similar reasoning will be found to hold true for sand lenses and 
in fact for most irregularities within the reservoir. Shale in sand, an- 
hydrite, or secondary deposition in pores of limestone may be present 
locally and in one plane of deposition, but only exceptionally to such 
an extent and with such distribution as actually to completely isolate 
parts of the reservoir. If widespread and important, then such condi- 
tions result in a non-commercial accumulation with which we are 
not concerned in this analysis. 

Well spacing from a geological viewpoint then becomes a matter 
of determining the limits of the reservoir and of determining whether 
structural conditions are such as will make possible production under 
conditions previously outlined as approaching the ideal, or, if the 
desired producing conditions can not be entirely attained, to what 
extent they might be approached. 
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Determinaton of the limits of a reservoir entails the principal 
problem and in most instances is amenable to geologic analysis after 
a small amount of development. In referring to “limits of reservoir” 
here it is not meant to imply that the limits of the pool as outlined 
by dry holes must be known before decisions concerning well spacing 
can be reached. But it is important to learn whether the reservoir 
is essentially continuous (irrespective of variations) over the entire 
structure or whether sand lensing, for example, will be found common. 
If the latter is true, efforts should be made to drill wells early in such 
configuration as to assist in determining the limits of the lenses and 
whether their size is sufficient to insure commercial production. If the 
lensing is common and because of exceptional conditions of depth or 
thickness commercial production is possible, then well spacing must 
be designed to take care of the condition. 


“Shoe-string sands,” stratigraphic traps, and in fact all forms of 


commercial accumulation may have specialized problems which con- 
front the geologist in determining “limits of the reservoir”; but once 
determined by analysis or drilling, the well-spacing decision can be 
made without further exact knowledge of reservoir irregularity. 

The more nearly the ideal producing conditions can be attained 
the wider the well spacing may be to accomplish the degree of com- 
mercially practiced drainage desired. The geologist is especially fitted 
to determine in the early life of a field whether reservoir conditions 
are such that casing, perforating, or packer programs designed to 
eliminate “free’’ gas will be effective and through what part of the 
life of the field. He can also help in foretelling whether rates of flow 
will be possible in widely spaced wells which would insure the ideal 
engineering conditions or whether such rates would be too low to be 
economically feasible, making it necessary to sacrifice most efficient 
production and at the same time drill more closely. 

A recent analysis by Porter" of the geologic conditions in Cali- 
fornia especially as related to accumulations of the stratigraphic type 
leads him to conclude that estimation of ownership of oil in place 
with sufficient accuracy to satisfy legal standards or engineering re- 
quirements can not be accomplished before fields are entirely devel- 
oped. Though not fully agreeing with Porter’s conclusion even though 
it be conceded to be correct at the present time, the writer still sees 
nothing in the many examples and arguments cited that precludes a 
wider well spacing for that type of accumulation or that requires an 
exact knowledge of reservoir conditions in all its details in order to 
design a suitable well spacing early in the life of a field. The examples 


11 William W. Porter, II, ‘Geological Limitations to Oil Law,’”’ Bull. Amer. Assoc. 
Petrol. Geol., Vol. 22, No. 5 (May, 1938), pp. 565-73. 
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of widely varying potentials given are not at all convincing since many 
workers” do not consider potentials a very conclusive measure of 
either oil in place or of reservoir conditions. In any event, even these 
large differences in local permeability, unless actual dry spots occur 
within the limits of the reservoir, have little bearing on the well-spac- 
ing problem. 

In estimating reserves or ultimate recoveries of leases, the geolo- 
gist who now so frequently asks, ‘‘What will be the well spacing?” 
before arriving at an answer, will in the future ask, “At what rate 
will the field be produced? Will the withdrawals under the proration 
plan for the field be ratable? Will gas-oil ratios be kept low through 
most of the flowing life of the field?” In other words, he will recognize 
that well density is not‘important in determining ultimate recovery, 
but that producing conditions and practices are. 

A note of warning must be sounded concerning wide spacing which 
the geologist as adviser to the operator should heed. Spacing recom- 
mended for present producing conditions may be found entirely in- 
adequate if, because of increased demand or changed economic con- 
ditions, pools and wells which should be produced at restricted rates 
are changed to open-flow or nearly open-flow rates. With such change 
for many types of reservoirs and accumulations more wells will be 
needed to accomplish the same degree of drainage that would have 
resulted with fewer wells under restricted flow. 

Instead of the often heard dictum, “more wells, more oil,’’ which 
was not even entirely true for the old open-flow conditions, the more 
modern counterpart will be “the more inefficiency, the more wells 
needed.” “Inefficiency”’ is meant to include improper use of reservoir 
energy through incorrect rates of flow, unnecessarily large gas-oil 
ratios, and trapping of oil by uneven withdrawals. 

By increasing undeveloped reserves which may be drawn upon 
when demand increases, the need of inefficient depletion of present 
producing fields is avoided, and in accomplishing this objective the 
geologist once again has an important place in the well-spacing problem. 

Acknowledgment is expressed to the writer’s fellow members on the 
Special Study Committee on Well Spacing of the American Petroleum 
Institute and to its chairman, M. Albertson, for their help in clarify- 
ing the engineering concepts involved in the well-spacing problem. 
The writer also wishes to thank The Atlantic Refining Company for 
permission to publish this paper, emphasizing that opinions expressed 
herein are his own and not necessarily subscribed to by officials or 
co-workers within that organization. 


2 “Essential Engineering Factors in the Allocation of Production, Revised Progress 
Report of the Topical Committee on the Allocation of Production” (revised, November, 
1934, Amer. Petrol. Inst.). 
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GEOLOGICAL NOTES 


UNEXPOSED SILURIAN SECTION AND PRODUCING 
ZONE OF IRVINE OIL FIELD, ESTILL COUNTY, 
KENTUCKY! 


ARTHUR C. McFARLAN? 
Lexington, Kentucky 


In the past few years the Petroleum Exploration Company of 
Lexington, Kentucky, has undertaken the drilling of a series of core 
holes in the old Irvine field as a necessary preliminary step inits pro- 
gram of repressuring. It has made possible some study of the un- 


exposed limestone section underlying the Ohio shale (including: 


probably the Olentangy) and the identification of these producing 
beds which are unknown in outcrop on the east side of the Cincinnati 
arch in Kentucky. 

In the outcrop near Irvine, 7—20 feet of the Boyle limestone inter- 
vene between the Ohio shale and the Crab Orchard series. Eastward 
the limestone section occupying this interval thickens within a few 
miles to 80-100 feet in the Irvine oil pool and vicinity, and to 500-600 
feet in Lawrence County about 70 miles east of the outcrop. There 
have been few facts available to help in interpreting this section. At 
Cumberland Gap, where the horizon crops out, the Clinton is over- 
lain by the Chattanooga (in part Ohio) shale. At Big Stone Gap, 
Virginia, limestones of Cayugan, Helderberg, and probably Onondaga 
age occupy the interval. In Ohio, limestones of Clinton, Niagara, and 
Cayugan age occur. 

In 1933, Jones and the writer,’ in their report on the Big Sinking 
pool a few miles southeast, interpreted a marked isopach “low” 
(Fig. 2) drawn on this limestone sequence (‘‘Corniferous’’) as in- 
dicating a truncated pre-Ohio anticline, thus explaining the occur- 
rence of a whole group of pools including the Irvine, Big Sinking, 
Ashley, Ross Creek, and others. The term “‘Corniferous,”’ as used by 
the driller, refers to the limestone immediately underlying the 
“Black shale.”” Where several “pays’”’ were recognized, the highest 
was designated ‘‘Corniferous,”’ some of the lower ones “Niagara.” 

1 Manuscript received, July 14, 1938. 


2 Department of Geology, University of Kentucky. The writer is indebted to 
Walter H. Bucher, W. H. Shideler, and L. G. Westgate for information concerning the 
Silurian section of southern Ohio. 


3D. J. Jones and Arthur C. McFarlan, “Geology of the Big Sinking Pool, Lee 
County, Kentucky,” Univ. Kentucky Bur. Min. Top. Survey Bull. 1 (1933). 
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The study of these four cores leads to the following conclusions. 

1. The earlier inferred pre-Ohio anticline is verified. 

2. The Boyle limestone, present at the outcrop, is not present, 
hence does not produce, in the Irvine field. Its absence is due to 
truncation of the buried structure. It may be present and perhaps 
productive in the shallow field around Ravenna nearer outcrop. Pre- 
sumably it constitutes a part of the section on the eastern flank of 
this anticline. Whether actually productive or not is not known. 


OHIO SHALE * * 


ONONDAGA-HAMILTON BOYLE LIMESTONE \ 
CAYUGAN GREENFIELD DOLO- N 
PEEBLES DOLOMITE * 
LOCKPORT 
LILLEY DOLomiTe * 
\ 
BISHER DOLOMITE 
CLINTON RIBOLT SHALE 
CRAB ORCHARD SHALE 
MEDINA BRASSFIELD DOLOMITIC LIMESTONE \ 


ORDOVICIAN 


%*% INCLUDING GRAY SHALE NEAR BASE ("FIRE CLAY") AND A FEW FEET OF BROWN 
SHALE BELOW (°COFFEE SHALE") -- PROBABLY OLENTANGY. 
NOT KNOWN IN OUTCROP IN KENTUCKY. 


Fic. 1.—Chart showing, by vertical lines, overlapping unconformable relationship 
of Boyle limestone and Ohio shale. 


3. Within 5 miles between the outcrop and the Simp Horn and 
Tyree wells (Fig. 2), not only has the Boyle limestone been eliminated, 
but there has been introduced below an increasing thickness of mid- 
Silurian limestone, much of which has been cut through near the 
crest of the structure. These limestones include the Peebles, Lilley, 
and probably Bisher formations. 

4. The productive section in the Irvine pool is Silurian and in- 
cludes the Peebles as the main producer and the Lilley below. Both 
are Niagara and both dolomitic limestones. Neither is known in out- 
crop in Kentucky but both are well developed in Highland* and 
Adams counties, Ohio. The Peebles is fine-grained, hard, gray dolo- 


‘ James K. Rogers, “‘Geology of Highland County, Ohio,” Ohio Geol. Survey Bull. 
38 (1936), 4th Ser., p. 148. 
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Fic. 2.—Isopach map drawn on “Corniferous.” Diagonal shading shows “Corniferous” pools of eastern Kentucky. 
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DEPTH TO CRAB ORCHARD SHALE 
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Fic, 3.—Chart showing correlation of drill cores, Irvine pool, Estill and Powell counties, Kentucky. 
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mite. A rather characteristic feature is a texture involving an irregu- 
lar, patchy distribution of fine to dense and coarser-grained areas, 
the whole somewhat fractured and irregularly broken. The oil is held 
mainly in these coarse-grained patches, the fractures, and cavities 
formed by the leaching of fossils. The Lilley is medium to coarse- 
grained, rather soft, gray dolomite with an abundant development of 
very porous crinoidal limestone. 

The identification of these two Niagara dolomites is made on 
lithologic character and fossils. The latter are the ordinary dolomitic 
molds. Those which could be identified with some assurance are 
shown in Figure 3. As indicated, Halysites occurs within 2 feet of 
the “Black shale” in the Tyree well. Small horn corals suggesting 
Holophragma occur at the top of the Lilley in the Patrick well. This 
is the horizon of the Holophragma calceoides zone in southern Ohio. 

5. To date none of these core holes has penetrated to the Crab 
Orchard shales. It is probable that the part of the limestone section 
uncored (Fig. 3) is Bisher. This fine-grained dolomite is known in out- 
crop as far south as Fleming County, Kentucky (Foerste, 1931, p. 190; 
1935, P- 141).° 

6. The calcareous sandstone in the Patrick Heirs No. 7 is an east- 
ern facies of the Peebles which is also shown in the Russell No. 21. 
Since the two show approximately the same thickness it is probable 
that the absence of the overlying limestone in the Russell well is a 
matter of unconformity. This sandstone occupies about the position 
of the Big Six sandstone “pay” of Breathitt County and may well be 
the western edge of that sandstone. 

7. The increasing thickness of limestones beneath the Ohio shale 
eastward may explain the occurrence of “Corniferous” production 
only in the region bordering the outcrop. As the beds introduced in- 
volve Cayugan, Helderberg, and Onondaga, the increasing thickness 
of rock between the “Black shale” series and the Peebles and Lilley 
(“Irvine sand’”’) may have effectually blocked migration into these 
beds. Of course somewhere in this eastern region the Niagaran dolo- 
mites disappear from the section. 

Attention is called to the two small east-west isopach “lows” on 
the southern flanks of which the old Ragland (Bath County) oil pool 
and Menifee gas field are located. The situation in these two fields 
seems like that of the Irvine-Big Sinking field on a small scale. 

5 A. F. Foerste, “Paleontology of Kentucky (Silurian),” Kentucky Geol. Survey, 


Ser. 6, Vol. 36 (1931), pp. 167-215. 
, “Correlation of Silurian Formations in Southwestern Ohio, Southeastern 


Indiana, Kentucky, and Western Tennessee,” Dennison Univ. Bull., Jour. of the Scientific 
Laboratories, Vol. 30 (August, 1935), pp. 119-205. 
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SOURCE OF “CORNIFEROUS” OIL IN 
EASTERN KENTUCKY! 


RALPH N. THOMAS? 
Ashland, Kentucky 


Since the discovery of oil in the “Corniferous” of eastern Ken- 
tucky, attempts have been made to explain the distribution and 
spotted nature of producing areas. Some have explained it by areas 
of greater and lower porosity and permeability. Others have shown 
that structures, some of them pre-Ohio shale structures,’ are the cause 
of accumulation. 

Although these factors are important and, in most producing 
areas solve the problem, they do not represent the complete picture. 
In considerable areas wells have been drilled to the “Corniferous” 
that find both porosity and suitable trap, yet do not produce oil in 
commercial quantities. An example of this is found in the Isonville 
pool of Elliott County, where a dome produces a small amount of gas 
from the highest part of the structure, whereas drilling lower on the 
flank yields a strong flow of salt water but no oil. 

Most authors that have dealt with this problem have considered 
the Ohio black shale as the source rock. It is petroliferous and pos- 
sesses the characteristics of such source rocks. Oil seeps are known on 
the outcrop of the black shale, and some sandy shale lenses* within 
the black shale have produced oil in commercial quantities. Also, it is 
the major gas-producing horizon of eastern Kentucky. 

In the lower part of the Black shale series is a white shale (“fire 
clay” of the drillers) that is widespread in eastern Kentucky. This is 
underlain in some areas by 10-20 feet of brown shale (“Coffee shale” 
of the drillers). This white shale is similar to that known on the out- 
crop in Ohio as the Olentangy and was provisionally correlated with 
that formation by Foerste.® It ranges from a few feet, at those places 
where it is exposed on the outcrop, to more than 100 feet, as shown by 

1 Manuscript received, August 5, 1938. “Corniferous” is loosely used by drillers 


to refer to the limestone underlying the Devonian shales, and it may be either Onon- 
daga or Silurian. 


2 Consulting geologist. The writer is indebted to D. J. Jones and A. C. McFarlan 
for their help in providing data and valuable criticism, and to many Kentucky geolo- 
gists who contributed useful data. 

3D. J. Jones and Arthur C. McFarlan, ‘‘Geology of the Big Sinking Pool, Lee 
County, Kentucky,” Univ. Kentucky Bur. Min. Top. Survey Bull. 1 (1933). 

* Gordon sands. Stray sandy shale lenses occurring within the Ohio black shale 
series and which produce oil in Boyd County and vicinity. 


5A. F. Foerste, “Silurian, Devonian, and Irvine Formations of East Central 
Kentucky,” Kentucky Geol. Survey (1906). 
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drill records, farther east in Carter County. In this paper the name 
Ohio shale is restricted to the overlying black shale and does not 
include the Olentangy or the underlying ‘“‘Coffee shale.” 

White shale of this type is hardly a suitable source rock for oil 
but serves as a cap rock® to prevent the upward movement of gas and 
oil. It is difficult to conceive of the oil originating in the overlying 
Ohio black shale and passing through this impervious shale zone into 
the reservoir below. 

It has been suggested’ that the “Corniferous” is its own source 
rock, that is, the organic material was deposited with the sediments 
that made up the original rock. Since, in this district, there is an un- 
conformity at the top of the “Corniferous” indicating exposure and 
erosion with the resulting loss of organic material by oxidization or 
decomposition, this seems unlikely. 

Below the “‘Corniferous” are the blue-green Silurian shales that 
are low in carbonaceous material and seem unlikely to be the source 
rocks. The brown “Coffee shale,”’ however, is available, and directly 
overlies the ‘“‘Corniferous” in some localities (Fig. 2). These lenses of 
brown shale are similar in character to the Ohio shale but have a 
lighter shade of brown indicating possibly that they have been drained 
of part of their organic content to form the “Corniferous”’ oils. 

A pertinent fact is their occurrence with respect to the location of 
f the producing fields. This is shown in Figure 1. ‘“‘Corniferous” pro- 
duction seems to be concentrated in the areas where the brown shale 
occurs and either overlies production or is downdip from it. It is 
noteworthy that east and north of the brown shale areas, where the 
white shale lies in contact with the “Corniferous,” ‘“Corniferous” 

production is lacking. 

This evidence seems to indicate the ‘‘Coffee shale” as the source 
rock. However, in places the brown shale is absent in a producing 
pool; here the oil, after passing from the source rock into the reservoir, 
has migrated into the trap in which it is now found. The trap, due to 
structure, sealed unconformity, or zoned porosity, is sealed above by 
either the white or brown shale. 

In this same connection it may be pointed out that the only area 
in Kentucky that produces from Ordovician limestones is in the 2 

‘ southern part of the state where the black shale series rests directly ey r 
on the Ordovician limestones without intervening white shales. ; ee 

Conclusions—That the main body of the Ohio shale is not the 


6 E. W. Shaw, “The Irvine Oil Field, Estill County, Kentucky,” U. S. Geol. Survey 
Bull. 661. . 


7 Jones and McFarlan, op. cit. 
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source rock of “Corniferous”’ oil is indicated by the presence, between 
this shale and the “Corniferous” reservoir, of an impervious white 
shale that would prevent such migration of the oil from the shale into 
the reservoir. The source of the oil in the “Corniferous’’ fields of 
eastern Kentucky is the brown “Coffee shale” which is in contact 
with the “‘Corniferous.”” The occurrence of the brown “Coffee shale” 
seems to be a determining factor in the location of the oil fields. The 
large areas east and north of the area of brown “Coffee shale” occur- 
rence do not produce from the “Corniferous,” apparently because of 
the presence of the white shale in contact with the reservoir. 
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REVIEWS AND NEW PUBLICATIONS 


* Subjects indicated by asterisk are in the Association library and available to 
members and associates. 


PETROLEUM DEVELOPMENT AND TECHNOLOGY, 1938 


REVIEW BY HARRY H. POWER! 
Austin, Texas 


“Petroleum Development and Technology, 1938.” By the Petroleum Divi- 
sion. Trans. Amer. Inst. Min. Met. Eng., Vol. 127. 744 pp., illustrated. 
Published by the Institute, 29 W. 39th Street, New York City. Cloth. 
Price, $5.00. 


The annual volume for 1938 contains the papers and discussions presented 
before the Petroleum Division at meetings held at Los Angeles, California; 
October 1, 1937; Oklahoma City, Oklahoma, October 7-9, 1937; and at New 
York, February 14-18, 1938. A few papers are listed by title but are not in- 
cluded in the volume, inasmuch as prior publication was made in various 
technical and trade journals. The volume gives evidence of the increasingly 
high standards reached by the Petroleum Division in its search for advance- 
ment in petroleum technology. ; 

Chapter I, ‘Production Engineering,” contains several papers of interest 
to the geological profession. “Spacing of Oil Wells,” by Lyndon L. Foley, is 
especially timely and approaches the spacing problem from a new angle that 
has merited considerable thought, particularly from the standpoint of cor- 
rective measures to be applied to developed pools. For the geologist ap- 
praising oil pools, O. P. Gregory’s paper, ‘‘Gas Caps, Their Determination 
and Significance,”’ should be of considerable help in estimating oil content 
and assigning relative values to properties of varying structural position. The 
paper, “Excessive Pressures and Pressure Variations with Depth of Petroleum 
Reservoirs in the Gulf Coast Region of Texas and Louisiana,” by G. E. Can- 
non and R. C. Craze, introduces the possible cause of erratic pressure below 
critical depths as weight of overburden and resulting compaction, a subject 
of considerable interest to geologists. “Pressure Drilling Operations in Kettle- 
man Hills, and Effect on Initial Production Rates,’ by Read Winterburn, 
and “Some Considerations in Selection and Installation of Gravel Pack for 
Oil Wells,” by C. J. Coberly and E. M. Wagner, are titles to papers of in- 
terest from the standpoints of completion practices resulting in efficient 
production of oil with minimum restriction to flow. 

Chapter IT, ‘““Review of Notable New California Fields,” includes papers 
on the Wilmington, El Segundo, and Ten Section fields. This chapter sug- 
gests that reviews of prominent new fields in other states may be advisable in 
future volumes. 5 

Chapter III, “Engineering Research,” contains papers of outstanding 
merit and well worth the price of the volume. “‘Orign of Petroleum,” by E. 
Berl is written by a scientist havinga background of many years experience in 


1 Department of Petroleum Engineering, University of Texas. Manuscript re- 
ceived, July 16, 1938. 
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research abroad and in the United States. “Pressure Distribution in Oil and 
Gas Reserves by Membrane Analogy,” by Aaron J. Miles and Eugene A. 
Stephenson, presents an analogy whereby the pressure distribution in a 
system involving multiple wells can be easily discerned. Geologists have used 
various methods for estimating gas reserves, but D. T. MacRoberts has 
applied fundamentals to the problem in his paper, “Relation of Gas-Well 
Spacing to Ultimate Recovery,” to the ultimate profit of geologists and 
engineers interested in the most scientific approach possible. Donald L. Katz, 
Stuart E. Buckley, and Eugene A. Stephenson have contributed significantly 
in their respective papers, “Application of Vaporization Equilibrium Con- 
stants to Production Engineering Problems,” “Calculation of Equilibrium 
in Hydrocarbon Mixtures,” and “Behavior of Contents of High-pressure 
Reservoirs.” With the trend of deep production toward the so-called ‘‘distil- 
late wells,” the significance to the geologist is obvious. 

“Connate Water in Oil and Gas Sands,” by Ralph J. Schilthuis, and 
“Influence of Connate Water on Permeability of Sands to Oil,” by Eldon N. 
Dunlap, also bear on the problem of oil recovery and appraisal, and therefore 
are of fundamental interest to the geologist. Several excellent papers on dril- 
ling muds, such as Charles E. Reed’s, “Recent Advances in Knowledge of 
Colloidal Properties of Clay Suspensions and Gels,” are of secondary interest, 
perhaps, to the geologist and furnish a striking example of the advancement 
in application of fundamentals to drilling problems. 

Chapter IV, “Petroleum Economics,” has for its initial paper, the annual 
classic of Joseph E. Pogue. The present subject is ““An Equilibrium Theory 
of Proration.” Geologists often find time to consider oil shares and should 
profit by reading, ““Market Behavior of Oil Shares for 1932 to 1937,” by 
Norman D. Fitzgerald. Finally, on the basis that the profession has become 
increasingly conscious of the broader phases of oil economics, the papers by 
V. R. Garfias, R. V. Whetsel, and J. W. Ristori on “World Consumption of 
Petroleum Products and Related Fuels,” should be particularly instructive. 

Chapter V, “Production,” contains 55 papers, 386 pages, on domestic and 
foreign production. Statistics for the more important fields are presented. 
This section is continuous from year to year and has been found in many cases 
to be an indispensable source of information. 

Chapter VI, “Refining,” contains one paper, “Review of Refinery Engi- 
neering for 1937,”’ by Walter Miller. 

A complete set of “Petroleum Development and Technology,” A.I.M.- 
M.E., should occupy a prominent place in the petroleum geologist’s library. 


ORIGIN OF THE SHOESTRING SANDS OF GREENWOOD AND 
BUTLER COUNTIES, KANSAS, BY N. WOOD BASS 


REVIEW BY J. L. GARLOUGH! 
Wichita, Kansas 
“Origin of the Shoestring Sands of Greenwood and Butler Counties, Kansas.” 
By N. Wood Bass. State Geol. Survey of Kansas Bull. 23 (1938). Investiga- 
tion conducted under a coéperative agreement with the United States 


Geological Survey. 135 pp., 10 figs., 21 pls. Paper. 6 Xo inches. Price, 
$0.25. 


1 Consulting geologist. Manuscript received, July 23, 1938. 
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The origin of the shoestring sands of Greenwood and Butler counties, in 
southeastern Kansas, has long been a mooted question. It was only subse- 
quent to the development of the numerous oil fields in the area that sufficient 
data were at hand on which to base a comprehensive study of the problem. 
During the years 1931-1934 such a study was made by N. W. Bass. It was 
primarily confined to northern Greenwood County and the immediately 
adjacent parts of bordering counties. Later a separate investigation was con- 
ducted in Osage County, Oklahoma, and Cowley County, Kansas, which 
adjoins it. 

The shoestring sands occur in the lower part of the Cherokee shale which 
is the lowermost unit of the Pennsylvanian series in Kansas. They lie at 
depths ranging from 1,500 to 2,800 feet. Their width varies from 0.5 to 1.5 
miles and their length may be several times as great. In thickness they 
average about 50 feet. They have typical linear arrangements which have 
popularly been termed “‘trends.’’ The maximum length of a trend is 50 miles. 
Two of them extending northeast and southwest have been called “main 


trends,” probably because of priority of discovery. Two others extending - 


northwest and southeast, almost at right angles to the main trends, have 
been called “cross trends.” A fifth trend, extending approximately north and 
south, occurs some distance southwest of the others. The main trends are 
located about 15 miles east of the Nemaha granite ridge at the nearest points 
and approximately parallel it. This ridge was a positive element during early 
Cherokee time. 

It had commonly been recognized by Kansas geologists that the sand 
bodies are not reflected by the attitude of the surface rocks. Extremely de- 
tailed mapping of three of the shoestring-sand oil pools and compilation of 
surface structure maps of the whole district corroborated this belief. The 
conformity at some localities is probably incidental and not a reflection of the 
mass of the sand body due to differential compaction in the overlying sedi- 
ments. 

A detailed discussion sets forth under appropriate headings the factual 

information collected during the course of the investigation. The sources of 
data necessarily were limited to the logs of oil wells and dry holes in the area, 
and to the drill cuttings, cores, and shot fragments saved from them. Approxi- 
mately 5,000 well records were used. 
_ Review of the various means by which sandstone may be deposited and 
careful examination of all the evidence obtainable convinced the author that 
these shoestring sands were formed as offshore bars. Their deposition took 
place along a low swampy shore in a broad embayment on the western margin 
of a sea which occupied much of eastern Kansas and Oklahoma during 
Cherokee time. The four principal trends compose two bar systems each con- 
sisting of one main trend and one cross trend. The systems of bars were built 
at slightly different stages during a southeastward retreat of the sea caused 
by uplift in the Nemaha granite ridge region on the northwest. Correlations 
between parallel trends and the stratigraphic relationship of the sands at one 
point of intersection tend to substantiate their two stage development. Due 
to the fact that the main and cross trends lie nearly at right angles to each 
other it is necessary to assume the existence of a land area forming the north- 
east side of the embayment. However, isopach studies of the Cherokee shale 
and older formations support such an hypothesis. 

Since shore features are constantly changing and offshore bars are es- 
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pecially subject to destruction, the possible manner of their preservation is 
important. Observations made along parts of the Atlantic coast have revealed 
old bars in process of submergence in the lagoonal muds back of more newly 
formed bars. Thus it appears that bars can be preserved on low swampy coast 
lines under favorable conditions. 

Data bearing on the origin of the oil contained in the sand lenses indicate 
that it was not widely disseminated through the enclosing shale, but that it was 
formed in the sediments immediately adjacent to the sands and at the same 
stratigraphic horizon. Conditions in this narrow zoneat the time of sand dep- 
osition and submergence should have been ideal for the growth of probable 
oil-forming organisms. 

The report contains copious references. Its illustrations are numerous and 
excellent. Particular mention should be made of the block diagrams showing 
the shapes of the individual sand bodies for these are major points of evidence. 
There are hypothetical sketches of the Cherokee sea during the two stages of 
bar building. A very pertinent illustration gives a direct comparison of a part 
of one of the shoestring-sand trends with a segment of the present bar 
system on the New Jersey coast. 

Determination of the origin of these shoestring sands presents a difficult 
problem of research in sedimentation. The author has carried out his investi- 
gation of them in an able and thorough manner. His logical interpretations 
are not only of scientific interest but may also find economic adaptation in 
any area where similar sand deposits occur. 


BIBLIOGRAPHY OF WEST INDIAN GEOLOGY 
BY L. M. R. RUTTEN 


REVIEW BY R. D. REED! 
Los Angeles, California 


“Bibliography of West Indian Geology.” By L. M. R. Rutten. Physiograph- 
isch-geologische Reeks No. 16. N. V. A. Oosthoek’s Uitgevers-Mij., 
Utrecht (1938). vii+103 pp. 


In consequence of studies which he began in 1921, and particularly of 
those made in 1930 and 1931 in connection with the giving of some lectures 
on the West Indies in the University of Utrecht, Professor Rutten has been 
suffering from an “‘obsession” with reference to the collection of a complete 
bibliography of West Indian geology. In the hope of securing relief he has 
finally decided to publish the data in his possession. Since he hints at the 
possibility of issuing a second bibliography “‘in the distant future,” it would 
seem that he has little faith in the remedy; possibly he hopes that his labors 
may be easier and his results more complete if a wider circle of colleagues 
knows that they are in progress. 

Whatever the result of this publication may prove to be with regard to { 
Professor Rutten’s difficulty, he has here collected 2,434 titles, has distin- 
guished by an asterisk those he has been unable to see, and has provided an 
index. This service should be of the utmost value to all geologists who for any 
reason become dissatisfied with their knowledge of West Indian geology. 


! The Texas Company. Manuscript received, August 22, 1938. 
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It shows at a glance that the task of reading everything on the subject is 
perhaps ten or twenty times as great as most of us would have guessed, but 
this possible disservice is abundantly offset by the convenience of having the 
unsuspected riches so well organized and conveniently listed. 

In connection with the possible future issue of another bibliography Pro- 
fessor Rutten hopes that his colleagues will see to it that he gets as complete 
information as possible on the publications omitted from the present list and 
on those that may appear in the future. “All hints should be directed to the 
Geological Institute of the University of Utrecht, Netherlands; 320 Oude 
Gracht.” 


RECENT PUBLICATIONS 


ARGENTINA 
*“Observaciones Geolégicas en el Oeste de Santa Cruz (Patagonia)’’ 


(Geological Observations in Western Santa Cruz, Patagonia), by Alejandro . 


Piatnizky. Bol. Inform. Petroleras (Buenos Aires), Vol. 15, No. 165 (May, 
1938), pp. 45-95; 16 figs., ro pls. illustrating fossils. 


BRAZIL 


*“Relatorio da Directoria, 1934-1935,’ by Avelino Ignacio de Oliveira. 
Servigo de Fomento da Producgéo Mineral Bol. 18 (Rio de Janeiro, 1937). 
Director’s administrative report, including ‘“‘Bituminous Shales,” pp. 112-18, 
and “Petroleum,” pp. 119-31 and 2 maps. 199 pp., many illus. Portuguese. 

*“Tniciacéo ao estudo das formacées Carboniferas do Sul do Brasil” 
(Carboniferous Formations of Southern Brazil), by José Fiuza da Rocha. 
Ibid., Avulso 25 (1938). 14 pp. Reprinted from Mineragdo e Metallurgia, No. 
10 (November-December, 1937). 

*“TDificuldades especificas em pesquisa de Petréleo no Sul do Brasil” 
(Difficulties of Petroleum Exploration in Southern Brazil), by Glycon de 
Paiva Teixeira. Mineragéo e Metallurgia (Rio de Janeiro), Vol. 3, No. 13 
(May-June, 1938), pp. 50-52, 1 geological map. 

*“Folhelho pirobetuminoso de Sao Gabriel R. G. do Sul” (Bituminous 
Shale of Sao Gabriel, Rio Grande do Sul), by Emilio Alves Teixeira. /bid., 
PP. 53-54; 2 figs. 

CALIFORNIA 

“Geologic Map of California,” California Division of Mines (San Fran- 
cisco, 1938). 7X7 feet, 6 sheets. Price, $4.00. Made with 10 color plates. 
Shows culture, streams, roads, and approximately 80 geological units, with 
smaller maps showing submarine contours, source data, mineral locations, 
rainfall, glacial features, and a geologic time scale based on data from radio- 
activity. 

“Pliocene Diatoms from the Kettleman Hills, California,” by K. E. Loh- 
man. U.S. Geol. Survey Prof. Paper 189-C (1938), pp. i-ii, 81-102, Pls. 20- 
23. Supt. Documents, Govt. Printing Office, Washington, D. C. Price, $0.15. 

“Lower Pliocene Mollusks and Echinoids from the Los Angeles Basin, 
California, and Their Inferred Environment,” by W. P. Woodring. [bid., 
Prof. Paper 190 (1938). 67 pp., 9 pls:, 2 figs. Supt. Documents, Govt. Printing 
Office, Washington, D. C. Price, $0.30. 
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CZECHOSLOVAKIA 


“Die stratigraphischen und tektonischen Grundlagen der Erddllager- 
statten im Neogen von Siidmihren und der Slowakei” (The Stratigraphic 
and Tectonic Basis of the Petroleum Deposits in the Neogene of Southern 
Moravia and of Slovakia), by L. Sommermeier. Petroleum, Vol. 34, No. 5 
(1938), pp. 1 ff.; 3 figs. *Review in Kali und Erdél (Berlin), Jahrg. 32, Heft 16 
(August 15, 1938), p. 175. 

GENERAL 


*“The Application of Physico-Chemical Principles to the Investigation of 
the Properties of Rocks:—Part I. Porosity—Origin, Significance and Meas- 
urement,” by A. H. Nissan. ‘‘Part II. Apparatus and Technique for Porosity 
Measurement,” by A. H. Nissan, C. E. Wood, L. V. W. Clark, and A. W. 
Nash. Jour. Inst. Petrol. Tech. (London), Vol. 24, No. 177 (July, 1938), pp. 
351-70. Part I contains 8 figs., 2 tables. Part II contains 9 figs., 11 tables. 

*“Sediment-Heft”’ (Symposium on Sediments). Geol. Rundshau (Stutt- 
gart), Bd. 29, Heft 3—5 (July, 1938). 461 pp., 79 figs., 22 articles by 20 authors, 
in 8 parts: I. “Grundsitze und Methoden” (Principles and Methods); 
II. “Die Tone” (The Clays); III. ““Niederlande, Nord- und Ostsee’”’ (Low- 
lands, North and East Sea); IV. ‘“Tiefsee” (Deep Sea); V. “‘Festland” (Con- 
tinent); VI. “Altere Sedimente” (Ancient Sediments); VII. ““Béden- und 
Erdbau”’ (Soil and Soil Building); VIII. ‘“Nutzbare Sedimente”’ (Economic 
Sediments). 

“Species and Genera of Tertiary Noetinae,” by F. S. MacNeil. U. S. 
Geol. Survey Prof. Paper 189-A (1938), pp. i-ii, 1-49, Pls. 1-6, Figs. 1-2. 
Supt. Documents, Govt. Printing Office, Washington, D. C. Price, $0.20. 

*“Key to Papers Published by an Institute for the Study of Modern Sedi- 
ments in Shallow Seas,” by Walter H. Bucher. Jour. Geol. (Chicago), Vol. 46, 
No. 5 (July-August, 1938), pp. 726-55; 6 figs. 

*“Practical Problems in Oil Exploration,” by Gerald H. Westby. Oil and 
Gas Jour. (Tulsa), Vol. 37, No. 15 (August 25, 1938), p. 30. 

*“United States Magnetic Tables and Magnetic Charts for 1935,” by 
H. Herbert Howe and David G. Knapp. U. S. Coast and Geodetic Survey 
Serial 602 (1938). 161 pp. 6X09} inches. Paper. Supt. Documents, Govt. 
Printing Office, Washington, D. C. Price, $0.60. 

*“Voraussetzungen und Grenzen der Mikropaliontologie’”’ (Assumptions 
and Limitations of Micropaleontology), by Ernst E. Hensoldt. Petrol. 
Zeit. (Vienna), Jahrg. 34, Nr. 31 (August 3, 1938), pp. 8-9. 

*“Mikropaliontologie und Praxis” (Micropaleontology and Practice), 
by C. A. Wicher. Jbid., p. ro. 

*Voraussetzungen und Grenzen der Micropaliaontologie”’ (Assumptions 
and Limitations of Micropaleontology), by Ernst E. Hensoldt. Zeit. f. Prakt. 
Geol. (Halle), Jahr. 46, Heft 7 (July, 1938), pp. 133-34. The wording of this 
article is not the same as that of the foregoing article with the same title. 

*“Ozarkian and Canadian Brachiopoda,” by E. O. Ulrich and G. Arthur 
Cooper. Geol. Soc. America Spec. Paper 13 (August 22, 1938). 323 pp., 14 
figs., 58 pls. Contains 1 correlation chart. 

*“TDie Metamorphose ozeaner Salzablagerungen” (The Metamorphism 
of Ocean Salt Deposits), by Hermann Borchert. Kali und Erdol (Berlin), 
Jahrg. 32, Heft 16 (August 15, 1938), pp. 169-72. 
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*“Heliumlagerstitten” (Helium Deposits), by Rudolf Wager. Jbid., 
Pp. 173-75; 1 fig., 1 table. 

*About Petroleum, by J. G. Crowther. 181 pp., 15 pls. Approx. 5} x8} 
inches. Cloth. Oxford University Press, London and New York (1938). 
Price, $2.25. 

*“TDevonian Ammonoids of America,” by A. K. Miller. Geol. Soc. America 
Spec. Paper 14 (August 31, 1938). 262 pp., 41 figs., 39 pls., 2 tables. 


GEOPHYSICS 
“Geophysical Abstracts 90, July-September 1937,”’ by W. Ayvazoglou. 
U. S. Geol. Survey Bull. 895-C (1938), pp. i-ii, 93-136. Supt. Documents, 
Govt. Printing Office, Washington, D. C. Price, $0.10. 
-GERMANY 
*“Zur Kenntnis des tiefsten Schliers in Oberdonau”’ (On the Knowledge 


of the Deepest Schliers in the Upper Danube), by Gustav Gétzinger. Petrol. _ 


Zeii. (Vienna), Jahrg. 34, Nr. 31 (August 3, 1938), pp. 1-3. 

*“Die Foraminiferenfauna des siiddeutschen Dogger-Deltas’” (The 
Foraminiferal Fauna of the South German Dogger Deltas), by Oskar Kuhn. 
Ibid., pp. 3-7; 1 pl. with 22 figs. of Foraminifera. 


ILLINOIS 


*“Geologist Has Optimistic View of Oil Possibilities in Illinois,’ by 
Dorsey Hager. Oil and Gas Jour. (Tulsa), Vol. 37, No. 13 (August 11, 1938), 
p. 25; I map. 

“Oil and Gas Development Map of the Centralia, Illinois, Area.’”’ State 
Geol. Survey Illinois (Urbana, 1938). “Shows towns, main roads (also minor 
roads in developed areas), section, township, and county lines; well locations, 
rigs, and drilling wells; and oil, gas, dry, and abandoned wells. The scale is 
2 inches equals 1 mile (1-31,680).” This is the first of a series of development 
maps that will be brought up to date as often as new data warrant. Order 
from Enid Townley, Map Agent, 305 Ceramics Building, Urbana. Price, 
$0.60. 

*“Kankakee Arch in Illinois,” by George E. Ekblaw. Bull. Geol. Soc. 
America (Washington), Vol. 49, No. 9 (September 1, 1938), pp. 1425-30; 
1 fig. 

KANSAS, IOWA, MISSOURI 


*“The Forest City Basin, A Comparison With the Illinois Basin,” by 
W. G. Osborn. Oil and Gas Jour. (Tulsa), Vol. 37, No. 13 (August 11, 1938), 
PP. 27-29, 34; 5 figs., including 4 cross sections. 


NEBRASKA 


*“The Bearing of the Valentine Area in Continental Miocene-Pliocene 
Correlation,” by Paul O. McGrew and Grayson E. Meade. Amer. Jour. Sci., 
Vol. 36, No. 213 (September, 1938), pp. 197-207; 1 chart. 

*“Commentary on McGrew and Meade’s Paper,” by G. Edward Lewis. 
Ibid., pp. 208-11. 

*“Remarks on the Use of the Name ‘Valentine’,” by Edwin H. Colbert. 
Tbid., pp. 212-14. 
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*“Further Comments on the Usage of ‘Valentine’,” by F. Walker 
Johnson. Ibid., pp. 215-19. 
_ *“The Nebraska State Geological Survey and the ‘Valentine Problem’,” 
by A. L. Lugn. Jbid., pp. 220-27. 


NEW YORK 


‘Geologic Structure and Occurrence of Gas in Part of Southwestern New 
York,” Pt. 1, “Structure and Gas Possibilities of the Oriskany Sandstone in 
Steuben, Yates, and Parts of the Adjacent Counties,’”’ by W. H. Bradley and 
J. F. Pepper, U. S. Geol. Survey Bull. 899-A (1938), pp. i-iv, 1-68, Pls. 1-4, 
Figs. 1-7. Supt. Documents, Govt. Printing Office, Washington, D. C. 
Price, $0.35. 

OKLAHOMA 


“Geology and Fuel Resources of the Southern Part of the Oklahoma Coal 
Field,” Pt. 3, “The Quinton-Scipio District, Pittsburg, Haskell, and Latimer 
Counties,” by C. H. Dane, H. E. Rothrock, and J. S. Williams. U. S. Geol. 
Survey Bull. 874-C (1938), pp. i-iv, 151-253, Pls. 12-26, Figs. 8-11. Supt. 
Documents, Govt. Printing Office, Washington, D. C. Price, $0.65. 

“Subsurface Geology and Oil and Gas Resources of Osage County, Okla- 
homa,” Pt. 1, ‘Townships 22 and 23 North, Ranges 1o and 11 East,” by 
N. W. Bass, L. E. Kennedy, W. R. Dillard, Otto Leatherock, and J. H. 
Hengst. [bid., Bull. goo-A (1938), pp. i-iv, 1-45, Pl. 1, Fig. 1. Price, $0.30. 


PERU 


“Geomorphologie des Tumbesdeltas, Peri’? (Geomorphology of the 
Tumbes Delta, Peru), by Augusto Cabrera la Rosa. Translated from Spanish 
by Georg Petersen. Reprint from Geologie der Meere und Binnengewdasser, 
Bd. 2, Heft 1 (1938), S. 1-21; 3 black-line maps, 5 photographs. 


POLAND 


*Bull. Geol. Survey Poland, Vol. 9, No. 2 (Warsaw, 1938). 234 Pp., 14 
figs., 8 pls. 7X10 inches. Paper cover. Contains the following articles in 
Polish with a summary of each in either German or French. ‘‘Fauna of the 
Sandstone of Golonég,” by St. Weigner; ‘“The Nummulites of the Menilitic 
Schists of Seletyn (Bukowina, Roumania),” by F. Bieda; “The Erratics of 
the White Chalk between the Niemen and the Jasiolda (Northeast Poland),”’ 
by Zb. Sujkowski; “Stratigraphy and Tectonics of the Cretaceous Deposits in 
the Vicinity of Leléw,” by S. Z. R6zycki; “Stratigraphic Studies on the 
Covering of the Pienine Klippe (Polish Carpathians).—Part I. Brief Account 
of the Subdivision of the Covering of the Klippe,’’ by L. Horwitz; “Some 
Observations on the Geology of the Surroundings of Seletyn (Bukowina),” 
by H. Swidzinski. 

*“Geological Bibliography of Poland, No. 16, 1936,” by R. Danysz- 
Fleszarowa. Service Géol. de Pologne (Warsaw, 1938). 59 pp., items 181-225 
supplementing No. 15, 1935. 


ROCKY MOUNTAIN REGION 


*“Economics and Geology of the Rocky Mountain Area,” by L. C. Uren. 
World Petrol. (New York), Vol. 9, No. 8 (August, 1938), pp. 34-49; 14 figs., 
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3 tables. The first of three installments of an exhaustive study of the oil and 
gas fields of the Rocky Mountain area. 


WYOMING 


*Porosity of the Sundance Sand in the Lance Creek Oil Field, Wyoming,” 
by H. Dale Nichols. U. S. Bur. Mines R. I. 3410 (July, 1938). 15 mim. pp., 
4 figs., 1 table on 7 pp. 


ASSOCIATION DIVISION OF PALEONTOLOGY AND MINERALOGY 


*Journal of Paleontology (Tulsa, Oklahoma), Vol. 12, No. 5 (September, 

1938). 

“Conodonts of the Olentangy Shale,” by Clinton R. Stauffer 

“New Devonian Fossils from Calhoun County, Illinois,” by G. Arthur Cooper 
and Preston E. Cloud. 

“Middle and Upper Cambrian Faunas from Western Newfoundland,” by 
Christina Lochman 

“Upper Middle Devonian Rugose Corals of the Nevada Limestone,” by 
Erwin C. Stumm 

““New Genera of Ostracoderms from the Upper Silurian of Oesel,’’ by George 
R. Robertson 

“Orbitoids from the Crescent Formation (Eocene) of Washington,” by 
Sheridan A. Berthiaume 

“Pennsylvanian Sponges of North-central Texas,’”’ by Ralph H. King 

“New Species of Gastropoda from the Oligocene of Colorado,” by Loris S. 
Russell 

“A Stomatopod from the Mississippian of Central Montana,” by Harold W. 
Scott 

“Onondaga Paint-ore Fauna from Pennsylvania,” by Bradford Willard and 
Lawrence Whitcomb 
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BULLETIN OF THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
VOL. 22, NO. 10 (OCTOBER, 1938), PP. 1466-1468 


THE ASSOCIATION ROUND TABLE 


MEMBERSHIP APPLICATIONS APPROVED FOR PUBLICATION 
The executive committee has approved for publication the names of the 
following candidates for membership in the Assgciation This does not con- 
stitute an election, but places the names before the membership at large. If 
any member has information bearing on the qualifications of these nominees, 
he should send it promptly to the Executive Committee, Box 979, Tulsa, 
Oklahoma. (Names of sponsors are placed beneath the name of each nomi- 
nee.) 
FOR ACTIVE MEMBERSHIP 

Claude Carroll Albritton, Jr., Dallas, Tex. 

W. E. Wrather, S. A. Thompson, F. H. Lahee 
John Thomas Rouse, Tyler, Tex. 

W. T. Thom, Jr., Edmund W. Spieker, John L. Rich 
Frederick McClain Ziegler, Los Angeles, Calif. 

Robert B. Moran, William S. W. Kew, Carroll M. Wagner 


FOR ASSOCIATE MEMBERSHIP 

Edward J. Coenen, Taft, Calif. 

D. H. Thornburg, R. O. Swayze, E. L. DeMaris 
Harold Duerksen, San Francisco, Calif. 

John Galloway, W. H. Emmons, Warren O. Thompson 
John Henry McCammon, II, Ankara, Turkey 

Robert H. Cuyler, Hal P. Bybee, Fred M. Bullard 
James Warner Sheller, Bakersfield, Calif. 

H. Allen Kelley, Drexler Dana, Rollin Eckis 
Eugene Ward Vanderpool, Fort Worth, Tex. 

A. L. Ackers, William J. Nolte, E. F. Schramm 
Owen Bishop Wood, Corpus Christi, Tex. 

E. D. Luman, S. M. Aronson, O. E. Walton 


FOR TRANSFER TO ACTIVE MEMBERSHIP 

Harry L. Berry, Tulsa, Okla. 

Malvin G. Hoffman, Fred A. Bush, W. H. Elson 
Edwin Robert Branson, Tulsa, Okla. 

E. O. Markham, D. C. Nufer, E. V. Whitwell 
William Reese Dillard, Tulsa, Okla. 

N. W. Bass, W. C. Adams, C. A. Warner 
Hoyt Rodney Gale, Los Angeles, Calif. 

W. S. W. Kew, E. L: Ickes, Frank S. Hudson 
Martin Cyrus Kelsey, Dallas, Tex. 

J. C. Karcher, Roland F. Beers, Eugene McDermott 
B. G. Martin, Midland, Tex. 

Berte R. Haigh, B. W. Blanpied, J. D. Aimer 
James H. McCourt, Cut Bank, Mont. 

J. E. Hupp, John G. Bartram, J. S. Irwin 
John A. McCutchin, Tulsa, Okla. 

Roscoe E. Shutt, Frederic A. Bush, H. C. Arnold 
William M. McGill, Charlottesville, Va. 

Earl A. Trager, Hugh D. Miser, F. M. Van Tuyl 
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Harold Edwin McGlasson, Lake Charles, La. 

R. B. Grigsby, Garland O. Grigsby, J. M. Vetter 
Dean Francis Metts, Crowley, La. 

L. P. Teas, L. T. Barrow, D. P. Olcott 
B. Maxwell Miller, Mattoon, Ill. 

F. C. Sealey, R. F. Baker, John C. Miller 
A. Lyndon Morrow, Wichita, Kan. 

E. A. Koester, E. P. Philbrick, F. E. Wimbish 
Walter George Moxey, Midland, Tex. 

H. H. Kister, Frank Schouten, V. G. Hill 
Prentice Howard O’Bannon, Houston, Tex. 

David Perry Olcott, L. P. Teas, L. T. Barrow 
John Teal Paddleford, Wichita, Kan. 

William L. Clark, Garvin L. Taylor, W. W. Larsh 
Lloyd M. Pyeatt, Beeville, Tex. 

M. C. Israelsky, D. G. Barnett, F. P. Shayes 
Ben Howard Richards, Jr., Phillipsburg, Kan. 

Phil K. Cochran, C. S. Corbett, L. F. McCollum 
Calvin Harold Riggs, Muskegon, Mich. 

R. B. Newcombe, Ben F. Hake, Karl H. Schilling 


TWENTY-FOURTH ANNUAL MEETING, OKLAHOMA CITY 
MARCH 22-24, 1939 


Headquarters for the twenty-fourth annual meeting of the Association at 
Oklahoma City, March 22-24, 1939, is to be the Biltmore Hotel, where the 
seventeenth annual meeting was held in 1932. Officers headquarters and com- 
mittee rooms will be in the hotel. The technical program, banquet, dance, 
and scientific exhibits will be held in the new municipal auditorium which is 
sufficiently large and conveniently arranged to accommodate not only the 
general sessions of the Association but also the meetings of the Society of 
Economic Paleontologists and Mineralogists and the Society of Exploration 
Geophysicists. The accessibility of Oklahoma City for the majority of mem- 
bers and all geologists and friends in the Mid-Continent and its central loca- 
tion for those who will come from the far western and eastern states indicate 
an attendance that will set a high mark in Association records. The combined 
Association attendance, divisional and affiliate, at New Orleans, last March, 
was approximately 2,000 persons. The total membership is now at the new 
high of 2,905, of whom 2,236 are active or full members and 669 are associates. 

The geologists of the western district of Oklahoma, acting through the 
Oklahoma City Geological Society, in inviting the Association to meet in 
Oklahoma City have assumed a very considerable responsibility. All members 
and their friends who are thinking of attending this meeting should appreciate 
the efforts of these fellow workers, at least to the extent of pianning their 
trip and reserving their accommodations early, so as to give the local com- 
mittees and hotels ample time to make proper arrangements. 

The general committee is composed of R. W. Laughlin, of Laughlin- 
Simmons and Company, 1320 First National Bank Building, general chair- 
man, J. T. Richards, Gulf Oil Corporation, Box 1557, chairman of the 
technical program committee, and John E. Van Dall, Magnolia Petroleum 
Company, Box 1828, vice-chairman in charge of arrangements, all of Okla- 
homa City. 
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ASSOCIATION COMMITTEES 
EXECUTIVE COMMITTEE 
Donan C. Barton, chairman, Houston, Texas H. B. Fuqua, Fort Worth, Texas 
Ira H. Cram, secretary, Tulsa, Oklahoma Haron W. Hoots, Los Angeles, California 
W. A. Ver Wiese, Wichita, Kansas 


BUSINESS COMMITTEE , 


Cart C. ANDERSON (1940) A. Artuur Curtice (1939) R. B. RutLepcE (1939) 
Artuur A. BAKER (1940) H. B. Fuqua (1939) R. F. SCHOOLFIELD (1939) 
Downatp C. Barton (1940) Benjamin F. HaKE (1939) E. H. SELLARDS (1939) 
A. BakER (1930) V. G. Hit (1939) Frep P. SHAYES (1939) 
Orvat L. Brace (1939) Harotp W. Hoors (1939) S. E. Suiprer (1930) 

Cary P. ButcHer (1939) Joun F. Hosterman (1939) Homer J. Sreiy (1939) 
Freperic A. Busa (1939) H. V. Howe (1939) W. T. Tuo, JR. (1939) 
Haron S. Cave (1939) J. Harwan Jounson (1939) Wattace C. Tompson (1940) 
Rosert W. Crark (1930) Epwarp A. (1939) James A. Tone (1939) 

Ira H. Cram (1939) P. W. McF artanp (1940) Wa tter A. Ver WIEBE (1930) 
A. F. Cramer (1939) Davwm Perry Otcort (1939) AnpDREw C. (1939) 


Perricrew (1940) 


RESEARCH COMMITTEE 
A. I. Levorsen (1941), chairman, 221 Woodward Boulevard, Tulsa, Oklahoma 
Harotp W. Hoots (1939), vice-chairman, Richfield Oil Corporation, Los Angeles, California 


Donatp C. Barton (1939) Maurice M. ALBERTSON (1940) E. Wayne GALLIGER (1941) 
H. Bowes (1939) Rotum Ecxis (1940) H. Hiauscuek (1941) 

W. L. Gotpston (1939) Wriuam E. Hupparp (1940) WatteR KAvENHOWEN (1941) 
W. C. Spooner (1939) Joun C. Karcuer (1940) Ben H. Parker (1041) 
Parker D. Trask (1939) Norman L. THomas (1940) WeEnDELL P. Ranp (1941) 


N. W. Bass (1941) 
REPRESENTATIVE ON DIVISION OF GEOLOGY AND GEOGRAPHY 
NATIONAL RESEARCH COUNCIL 
Freperic H. Lauee (1940) 
GEOLOGIC NAMES AND CORRELATIONS COMMITTEE 


Joun G. Bartram, chairman, Stanolind Oil and Gas Company, Casper, Wyoming 
GLenn S. DIL1e, vice-chairman, 808 Atlas Building, Tulsa, Oklahoma 


J. E. Apams AntHony R. M. H. Price 
M. G. CHENEY B. F. Hake C. L. Moopy R. E. SHERRILL 
ALEXANDER DEUSSEN G. D. Hanna R. C. Moore N. L. Tuomas 
Rosert H. Dorr M. C. IsRAELSKY Ep. W. Owen 
TRUSTEES OF REVOLVING PUBLICATION FUND 

J. V. Howe (1930) Rates D. REED (1940) Ben F. Hake (1941) 

TRUSTEES OF RESEARCH FUND 
Arex W. McCoy (1930 Rosert J. Riccs (1940) A. A. Baker (1941) 

FINANCE COMMITTEE 

W. B. Herovy (1939) E. DeGotver (1940) Wattace E. Pratt (1941) 


COMMITTEE ON APPLICATIONS OF GEOLOGY 
Frank Rinker chairman, Box 981, Tulsa, Oklahoma 


G. Bett Hat P. Cuatmer J. Roy S. E. 
Artuur E. Carey CRONEIS H. S. McQueen E. K. Soper 
Ira Orno Brown Rosert H. Dorr C. R. McKnicut Eart A. TRAGER 


COMMITTEE FOR PUBLICATION 
Freperic H. Lanes, chairman, Box 2880, Dallas, Texas 


Cart C. ANDERSON James Terry Duce A. I. Levorsen R. E. Retrcer 
Watter R. BercEer James FrrzGeraxp, Jr. A. M. Lioyp J. T. Ricwarps 
Brewer, Jr. Harotp W. Hoots W. A. Matey THEeRon Wasson 
T. C. Craic J. Hartan Jounson Pumur F. Martyn A. W. Weeks 
Grorce R. Downs Epwarp A. Granam B. Moopy A. C. Wricat 


Caas. H. Lavincton Ep. W. Owen 
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AT HOME AND ABROAD 


CURRENT NEWS AND PERSONAL ITEMS OF 
THE PROFESSION 


C. Taytor Cote is taking a 9 months leave of absence from University 
Lands at Midland, Texas, and will be connected with the department of 
geology at The University of Texas at Austin, during that time. After 
September 15 he may be addressed at 1616 Colorado Street, Austin, Texas. 


Ray R. Moopy, Gulf Oil Corporation, has been transferred from Kansas 
to the office of the company’s eastern division at Owensboro, Kentucky. 


W. I. CunnincHAM has been placed in charge of the Bishop Oil Com- 


pany’s land and geological departments at Bakersfield, California. Cart , 


Topp is assistant to Cunningham. 


Gorpon I. Atwater, formerly with the Skelly Oil Company at Houston, 
is now with William Helis Company at New Orleans, Louisiana. 


Henry CARTER REA has returned from Afghanistan where he was work- 
ing for the Inland Exploration Company at Kabul, and is now district 
geologist for the Shell Petroleum Corporation at Owensboro, Kentucky. 


Dwicut C. Roserts, Sperry-Sun Well Surveying Company, has. been 
appointed regional manager of the Pacific Coast Region. He has supervision 
of the company’s activities in all the west coast area. 


BENTON R. VERNON, Mid-Continent Petroleum Corporation, has been 
transferred from Houston, Texas, to Shreveport, Louisiana, where his ad- 
dress is 323 Ardis Building. 


G. Lestre Wurtppte has changed his address from Apartado 4, Puerto 
Mexico, Ver., Mexico, to Apartado Nacional No. 3, Ibague, Colombia, South 
America. 


O. L. Brace, consulting geologist, has returned from Greece, and has 
reopened his offices at 804 Second National Bank Building, Houston, Texas. 


FRANK B. Taytor, author of many papers concerning glacial geology and 
the origin of continents, died on June 12, 1938, at the age of 78, after an attack 
of coronary thrombosis. 


L. Guy Hunt ey, formerly with the department of geology of the Uni- 
versity of Pittsburgh, is now with the Lago Petroleum Company at Mara- 
caibo, Venezuela. 


T. J. Gavsrairu, Standard Oil Company of Texas, has changed his 
address from Dallas to 1500 Petroleum Building, Houston, Texas. 


H. M. Fritts, Shell Petroleum Corporation, has been transferred from 
St. Louis, Missouri, to Houston, Texas. 
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Fritz E. von EstorrrF has changed his address from Nederlandsche Pacific 
Petr. Mij., Batavia C, Java, to Socony Vacuum Oil Company, producing 
department, Gebouw Petrolea, The Hague, Holland. 


CHESTER W. WASHBURNE, consulting geologist, may now be addressed at 
Room 2603, 149 Broadway, New York. 


CLARENCE E. Breuw has recently accepted a position as chief geologist 
for the Kingwood Oil Company, and may be addressed at 327 N. Third, 
Effingham, Illinois. 


Norvat NIcuots, formerly of Goldsmith, Texas, may now be addressed 
in care of the Humble Oil and Refining Company, Drawer Z, Hobbs, New 
Mexico. 


Joun L. Ripeway, illustrator of many scientific books, retired from ac- 
tive duty as scientific illustrator for the Carnegie Institution of Washington 
and the California Institute of Technology on July 31, 1938. 


D. B. Wines, Tide Water Associated Oil Company, has been transferred 
from Wichita, Kansas, to Mattoon, Illinois. 


E. T. Monsovr, chief paleontologist for the Standard Oil Company of 
New Jersey in Mexico, resigned on July 31, 1938. He may be addressed at 
1769 Lakeshore Drive, Shreveport, Louisiana. 


C. M. Crark, Indian Territory Illuminating Oil Company, has been 
transferred from Bartlesville, Oklahoma, to Mattoon, Illinois, where he has 
opened a new office for the company. 


Ernest C. ARNOLD, United States Geological Survey, has been trans- 
ferred from Oklahoma City to Roswell, New Mexico. His district includes 
New Mexico, Arizona, and parts of Utah and Colorado. 


The semi-centennial meeting of the Geological Society of America will be 
held at the Waldorf Astoria Hotel, New York City, on December 28-30, 1938. 


CHESTER NARAMORE has accepted a position as assistant secretary of the 
American Institute of Mining and Metallurgical Engineers, and has auto- 
matically become executive secretary of the Petroleum Division. He assumed 
his duties on August 1. 


Tuomas C. Witson, formerly with the Commonwealth Gas Corporation 
at Pittsburgh, Pennsylvania, has accepted a position with the Atlantic Re- 
fining Company of Cuba, at Havana. He may be addressed at Room 4o1, 
Edificio La Metropolitana, Havana, Cuba. 


James Z. ZIMMERMAN, formerly with the Syndicate Oil Corporation at 
Wichita, Kansas, is now engaged in consulting work. His address is Delmont, 
Pennsylvania. 


Mr. and Mrs. Harotp Wayne TuHoms announce the birth of Louise 
Osborne Thoms on August 24, at Huntington Park, California. 


E. A. Ritter, formerly with Cia de Petroleo Shell de Colombia, at 
Bogota, may now be addressed in care of the Swiss Bank Corporation, Basle, 
Switzerland. 
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KENNETH R. Parsons, formerly with The Texas Company at Denver, 
Colorado, is now with the Inland Exploration Company at Kabul, Afghani- 
stan. 


GrorcE R. Extiort, Phillips Petroleum Company, has been transferred 
from the company’s division office at Shreveport, Louisiana, to the production 
department at Bartlesville, Oklahoma. 


G. H. CLARK, The Texas Company, has been transferred from San 
Antonio to Houston. He was replaced at San Antonio by J. M. Patterson, 
formerly of Corsicana, Texas. 


Ray A. Hancock, the Lane-Wells Company, has returned to California 
from 3 months’ work in Alberta, Canada, where the company has opened a 
new branch office. He has been transferred from Long Beach to Santa Bar- 
bara where he is in charge of the Santa Barbara district. 


H. J. BupDENHAGEN, formerly of Bakersfield, California, may now be 
addressed in care of the Caribbean Petroleum Company, Maracaibo, Vene- 
zuela, South America. 


W. M. OssBorn, formerly with the Shell Petroleum Corporation, is now 
engaged in consulting geological practice. He may be addressed at Box 707, 
Midland, Texas. 


R. L. Marston, formerly district superintendent for the Sun Oil Com- 
pany at Forks, Washington, is now regional manager for the Sperry-Sun Well 
Surveying Company with headquarters at Houston, Texas. 


Joun R. ScHwasrow, United States Geological Survey, has been trans- 
ferred from Casper, Wyoming, to Thermopolis, Wyoming, where he is district 
petroleum engineer with supervision of oil and gas operations on Federal 
lands in the Big Horn and Wind River basins. 


Ira O. Brown, formerly with The Ohio Oil Company as geologist and 
district manager for South Texas at San Antonio, has resigned. He will 
operate independently in San Antonio at ro11 Milam Building. 


_ L. Kenrer has changed his address from Zehnderweg 23, Olten, Switzer- 
land, to the Caribbean Petroleum Company, Maracaibo, Venezuela, South 
America. 


GrorGE W. LaPEIRE, consulting geologist, has moved his headquarters 
from Shreveport, Louisiana, to St. Louis, Missouri. 


Jesse A. Rocers, The Texas Company, has been transferred from Ros- 
well, New Mexico, to Wichita Falls, Texas, where he is assistant to W. D. 
KELLEY. 


Lewis B. Kettum has changed his address from the Vacuum Oil Com- 
pany, Wellington, New Zealand, to the New Zealand Petroleum Company, 
Ltd., Box 295, Gisborne, New Zealand. 


C. A. RussELL, formerly general superintendent for the Pan American 
Production Company, Houston, Texas, has resigned to become engaged in 
business for himself. 
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H. G. WALTER, The Texas Company, has been transferred from Hobbs, 
New Mexico, to Pampa, Texas, where he is district geologist. 


A. A. Hotston, Stanolind Oil and Gas Company, has been transferred 
from Tyler, Texas, to Shreveport, Louisiana, where he is in charge of the 
geological department of that company’s new office. 


Paut D. Torrey, Sloan and Zook Company, Houston, has been ap- 
pointed chairman of the subcommittee on secondary oil recovery by the 
American Petroleum Institute. 


M. M. KornFE Lp, consulting geologist, spoke before the first fall meeting 
of the Houston Geological Society, September 15, on “An Illustrated Dis- 
cussion of the Relation of Salt Dome Faulting to Oil and Gas Accumulation.” 


Rex M. F. Townsenp has changed his address from Apartado Aereo 
3983, Bogota, Colombia,-to Socony-Vacuum Oil Company, foreign producing 
department, Postbus 328, The Hague, Netherlands. 


CHARLES GILL MorGaAN, vice-president of the United Geophysical Com- 
pany, Pasadena, California, recently made a tour of his company’s opera- 
tions in Trinidad. 

CHARLES R. HorrMANnn has returned to his home address, 79 Grandes 
Arcades, Strasbourg, France, after extended field work in Lukula and Boma, 
Belgian Congo. 


W. S. W. Kew, president of the Pacific Section of the Association, has 
appointed Max L. KrvuEcer as chairman of the program committee and H. 
D. Hopson as chairman of the arrangements and entertainment committee 
for the fifteenth annual meeting of the Section at Los Angeles, California, 
November 3-4, 1938. 


J. Harvan Jounson, of the Colorado School of Mines, Golden, Colorado, 
spent most of the summer in Europe pursuing his studies on algal limestones. 


GLEN C. THRASHER, The Texas Company, has been transferred from 
Wichita, Kansas, to Mattoon, Illinois. 


FREDERICK J. Situ, formerly with the Shell Petroleum Corporation, has 
accepted an assistant instructorship in geology at the Missouri School of 
Mines at Rolla, Missouri. 


J. H. Wuarton, Phillips Petroleum Company, has been transferred from 
Amarillo to Corpus Christi, Texas. 


H. H. BrapFieLp, The Texas Company, Fort Worth, Texas, spoke before 
the Ardmore, Oklahoma, Geological Society, September 16, on “Correlation 
of the Pennsylvanian of Texas and Oklahoma.” 
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Consulting Geologist Consulting Geologist 
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WALTER STALDER 


Petroleum Geologist 
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Consulting Geologist 
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FREDERICK G. CLAPP 
Consulting Geologist 


50 Church Street 
NEW YORK 


BROKAW, DIXON & McKEE 
Geologists Engineers 
OIL—NATURAL GAS 
Examinations, Reports, Appraisals 

Reserves 


Estimates of Rese: 


120 Broadway Gulf Building 
New York Houston 


A. H. GARNER 
Geologist Engineer 


PETROLEUM 
NATURAL GAS 


120 Broadway New York, N.Y. 


OHIO 


JOHN L. RICH 
Geologist 


Specializing in extension of ‘‘shoestring’’ pools 


University of Cincinnati 
Cincinnati, Ohio 
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HOMA 


ELFRED BECK 
Geologist 


525 National Bank of Tulsa Building 
TULSA OKLAHOMA 


GINTER LABORATORY 
CORE ANALYSES 


Permeability 
Porosity 
R. L. GINTER Reserves 
Owner 118 West Cameron, Tulsa 


MALVIN G. HOFFMAN 
Geologist 


Midco Oil Corporation 
Midco Building 


TULSA, OKLAHOMA 


R. W. Laughlin 
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Oklahoma, Kansas, Texas, and 
New Mexico 


L. D. Simmons 


LAUGHLIN-SIMMONS & CO. 
605 Oklahoma Gas Building 
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H. KLAUS 
Geologist and Geophysicist 


Benson Building 
Lubbock, Texas 
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Enid, Okla. 
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OKLAHOMA 


GEO. C. MATSON 


G. H. WESTBY 
Geologist and Geophysicist 


Geologist Seismograph Service Corporation 
Philcade Building Tusa, OKLA. Kennedy Building Tulsa, Oklahoma 
PENNSYLVANIA 
U. R. LAVES HUNTLEY & HUNTLEY 
(BILL LAVES) 
Petroleum Geologists 
Geologist 


Pipe setting—Sample d inati Reports 
723 S. Broadway ADA, OKLAHOMA 


and Engineers 


J. R. Jr. 
Grant Building, Pittsburgh, Pa. 


TEXAS 


JOSEPH L. ADLER 
Geologist and Geophysicist 


Consultant and Contractor in Geological and 
Geophysical Exploration 


325 Esperson Bldg. 
HOUSTON, TEXAS 


MID-CONTINENT TORSION BALANCE SURVEYS 
SEISMIC AND GRAVITY INTERPRETATIONS 


KLAUS EXPLORATION COMPANY 


H. KLAUS 
Geologist and Geophysicist 


Broadway Tower Benson Building 
Enid, Okla. Lubbock, Texas 


DONALD C. BARTON 
Geologist and Geophysicist 
Humble Oil and Refining 


D’ARCY M. CASHIN 
Geologist Engineer 


Specialist, Gulf Coast Salt Domes 
Examinations, Reports, Appraisals 


Company Estimates of Reserves 
705 Nat'l. Standard Bldg. 
HOUSTON TEXAS HOUSTON, TEXAS 
E. DeGOLYER 
Geologist ALEXANDER DEUSSEN 


Esperson Building 
Houston, Texas 
Continental Building 
Dallas, Texas 


Consulting Geologist 
Specialist, Gulf Coast Salt Domes 


1006 Shell Building 
HOUSTON, TEXAS 


DAVID DONOGHUE 
Consulting Geologist 
Appraisals - Evidence - Statistics 


Forth Worth National FORT WORTH, 
Bank Building TEXAS 


F. B. Porter R. H. Fash 
President Vice- President 
THE FORT WORTH 
LABORATORIES 
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of Water ‘Analyecs. Field Gas Testing. 
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TEXAS 


J. S. HupNALL G. W. Pirtie 
HUDNALL & PIRTLE 


Petroleum Geologists 


Appraisals Reports 
Peoples Nat'l. Bank Bldg. TYLER, TEXAS 


JOHN S. IVY 
Geologist 


921 Rusk Building, HOUSTON, TEXAS 


W. P. JENNY 
Geologist and Geophysicist 
Gravimetric Seismic 
Magnetic Electric 
Surveys and Interpretations 
907 Sterling Bldg. HOUSTON, TEXAS 


DABNEY E. PETTY 
315 Sixth Street 
SAN ANTONIO, TEXAS 


No Commercial Work Undertaken 


E, Rosamg 
SUBTERREX 
BY 
Geophysics and Geochemistry 


Esperson Building Houston, Texas 


A. T. SCHWENNESEN 
Geologist 


1517 Shell Building 
HOUSTON TEXAS 


ROBERT H. DURWARD 
Geologist 
Specializing in use of the magnetometer 
and its interpretations 
1431 W. Rosewood Ave. San Antonio, Texas 


W. G. Savitte J. P. ScHuUMACHER A. C. PAGAN 


TORSION BALANCE 
EXPLORATION CO. 


Torsion Balance Surveys 


1404-10 Shell Bldg. Phone: Capitol 1341 
HOUSTON TEXAS 


HAROLD VANCE 


Petroleum Engineer 


Petroleum Engineering Department 
A. & M. College of Texas 
COLLEGE STATION, TEXAS 


WM. C. McGLOTHLIN 
Petroleum Geologist and Engineer 
Examinations, Reports, Appraisals 
Estimates of Reserves 
Geophysical Explorations 
806 State Nat'l. Bank Bldg., CORSICANA, TEXAS 
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DIRECTORY OF 
GEOLOGICAL AND GEOPHYSICAL 
SOCIETIES 


For Space Apply to A.A.P.G. Headquarters 
Box 979, Tulsa, Oklahoma 


COLORADO 


KANSAS 


ROCKY MOUNTAIN 
ASSOCIATION OF PETROLEUM 
GEOLOGISTS 
DENVER, COLORADO 


Charles S. Lavington 
Continental Oil 
Thompson 


President 
1st Vice-President Warren 
985 Gilbert Street, Boulder 
2nd eetien - David B. Miller 
1336 Gaylord Street 
Secretary- - - - Ninetta Davis 

4 U. S. Customs Building 


Dinner meetings, first and third Fa aa of each 
month, 6:15 P.M., Auditorium H 


KANSAS 
SOCIETY 
ICHITA, KANSAS 


President - - - _- + + + Edward A. Koester 
Petroleum Corporation 
Vice-President - - = = len C. Woolley 


pany 
Forrest E. Wimbish 
North Chautauqua 
Member of Bound - - George H. Norton 
At lantic Refining Company 


Regular en ¥ 7:30 P.M., Allis Hotel, first 
Tuesday of each month. Visitors cordially wel- 


Secretary- 


comed. 

The Society sponsors the Kansas Well Log Bureau 

— is located at 412 Union National Bank 
uilding. 


LOUISIANA 


THE SHREVEPORT 
GEOLOGICAL SOCIETY 


SHREVEPORT, LOUISIANA 


President - - - B. W. Blanpied 
Gulf Oil Corporation 


Vice-President - B. 
Standard Oil Company of Fe 


Secretary-Treasurer J. D. Aimer 
Arkan' sas-Louisiana Gas Company 


Meets the first Friday of Figg month, 7:30 P.M., 
Civil Courts Room, Caddo Parish Court House. 
Special dinner meetings by announcement. 


Hutson 


SOUTH LOUISIANA GEOLOGICAL 
SOCIETY 


LAKE CHARLES, LOUISIANA 


President- - J. F. Mahoney 
Union Sulphur Co., ; Sulphur | Mines, La. 
Vice-President - - Dean F. 

Humble Oil & Refining Co., ‘Crowley, is 
Secretary R. Canada 
Stanolind Oil and Gas Gane 
Treasurer - - Baker Hoskins 
Shell Petroleum ‘Corporation 


Meetings: First Monday at noon (12:00) and 
third Monday at 7:00 p.m. at Majestic Hotel. 
Visiting geologists are welcome to all meetings. 


OKLAHOMA 
ARDMORE 
OKLAHOMA CITY 
GEOLOGICAL SOCIETY GEOLOGICAL SOCIETY 
ARDMORE, OKLAHOMA OKLAHOMA CITY, OKLAHOMA 
ee ae M. Westheimer President - E. A. Paschal 
Vice-President - - - - O. H. Hill Vice-President - ° Dan O. Howard 
Shell Petroleum Corporation Oklahoma Corporation Commission 
Secretary-Treasurer J. P. Gill 


Sinclair Prairie ‘Oil Company 


Chairman Program Committee - - Don L. Hyatt 
Carter Oil Company, Dillard, Oklahoma 


pSertinens First Tuesday of each month, from Octo- 
ay, in inclusive, at 7:30 P.M., Dornick Hills 
Country 


Secretary-Treasurer C. E. Hamilton 
Harper and Turner, 504 Hightower Building 


Meetings, Ninth Floor, Commerce Exchange Build- 
ing: ‘echnical Sg second Monday, each 
month, 8:00 P.M.; Luncheons, every Monda’ day, 


12:15 P.M. 
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OKLAHOMA 


SHAWNEE 
GEOLOGICAL SOCIETY 
SHAWNEE, 


President - M. Meyer 
Atlantic “Refining 
Vice-President - V. G. Hill 
Stanolind Oil and Gas Company 
Secretary-Treasurer - - J. Lawrence Muir 
Amerada Petroleum Corporation 


Meets the fourth Monday of each month at 8:00 
P. -- , at the Aldridge . Visiting geologists 
welcome. 


THE STRATIGRAPHIC 
SOCIETY OF TULSA 
TULSA, OKLAHOMA 


President - - - - = + - L.H. Lukert 
The Texas Company 


- - L. A. Johnston 
unray Oil” Company 
Secretar POM - - Constance Leatherock 


ide Water Associated Cil Company 


Meetings: Second and fourth Wednesdays, = 
month, from October to May, inclusive, at 8 
P.M. 


TULSA 
GEOLOGICAL SOCIETY 
TULSA, 
President - - obert J. Riggs 


Stanolind Oil and Gas Compan 
1st Vice-President - - 


United States Geological Si 


Birney Building 
Secretary-Treasurer . A. Johnston 


‘Sunras Oil Compan 
Editor - RV Hollingsworth 


pane First and third Mondays, each month, 

ober to May, inclusive, at 8:00 P.M., 

—. floor, Tulsa Building. Luncheons: Every 
Thursday, fourth floor, Tulsa Building. 


TEXAS 
—— EAST TEXAS GEOLOGICAL 

DALLAS, TEXAS TYLER, TEXAS 
President - - - Dilworth S. Hager President - Robert L. Jones 

932 Liberty Building Cities Service Oil 
Vice-President - «+ R,. E. Rettger Vice-President - - C. Wright 
Sun Oil Company Shell Petroleum 

. Secretary-T - - C. L. Herold 


Meetings: Regular luncheons, first Monday of each 
month, 12:15 noon, Petroleum Club. Special night 
meetings by announcement. 


Meetings: Monthly and by call. 
Luncheons: Every Friday, Cameron's Cafeteria. 


FORT WORTH 
GEOLOGICAL SOCIETY 
FORT WORTH, TEXAS 


President - L. Ackers 
Stanolind Oil and Gas ‘ee 
- Clarence E. Hyde 


5 W. T. Waggoner Building 


- + Herbert H. Bradfield 
The Texas Company 


Meetings: Luncheon at noon, Worth Hotel, every 
Monday. Special meetings called by executive com- 
Visiting geologists are elcome to all 


HOUSTON 
GEOLOGICAL SOCIETY 
HOUSTON, TEXAS 


President - - - John C. Miller 
The Texas Company 


Vice-President David Perry Olcott 
“Humble Oil and Refining Company 


Secretary-Treasur D. Cartwright, Jr. 


Regular meetings, every Thursday at noon (12:15) 
at the Houston Club. Frequent special meetings 
called by the executive committee. For any = 
ticulars pertaining to meetings call the secretary. 
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TEXAS 
NORTH TEXAS SOUTH ba GEOLOGICAL 
GEOLOGICAL SOCIETY SAN ANTONIO AND seasons CHRISTI 
and Refining Company Corrus Chris 
Oil and Re’ ing pany, rpus Chri 
President - - A. W. Weeks Vico W. McDonald 
Box 82 Natural Gas cele. San Antonio 
Vice-President - Tom F. Petty Secre: CC. Miller 
Humble Oil & Refining Company he Texas Company, Corpus Christi 
Secretary-Treasurer- - Paul E. M. Purcell Executive Committee - - - - D. G. Barnett 
Shell Petroleum Corporation Meetings: Third Friday of each month at 8 P.M. 


Luncheons and evening programs will be an- 
nounced. 


at the leum every 
noon at Petroleum Club, Alamo National = 
ing. San Antonio, and at Plaza Hotel, 

risti. 


WEST TEXAS GEOLOGICAL 
SOCIETY 


SAN ANGELO AND MIDLAND, TEXAS 


President - Hemphill 
Magnolia. Petroleum 


Vice-President - - W. D. Anderson 
ada Petroleum Corporation, Midland 


Skelly Oil Company, Midland 


Meetings will be announced 


THE SOCIETY OF 
EXPLORATION GEOPHYSICISTS 


President - - - + + + F. M. Kamnenstine 
Kannenstine Laboratories, Houston, Texas 
2011 Esperson Build ding 

Geophysic arcl rpora' 
Tulsa, Oklahoma 
Editor - - - + M. M. Slotnick 
Humble Oil & Refining Co., Houston, Texas 


Secretary-Treasurer- - - + + +H. B. Peacock 


Geoph: Inc., Houston, Texas 
Esperson Building 


WEST VIRGINIA 


THE APPALACHIAN GEOLOGICAL 
SOCIETY 


CHARLESTON, WEST VIRGINIA 
P.O. Box 1435 
President - - Robert C. Lafferty 
Owens, Libbey-Owens Gas Department 
Vice-President - J. Hawker Newlon 
Philadelphia Gas 
ittsburgh, Pennsylvania 
Charles Brewer, Jr. 
Godfrey L . Cabot, Inc., Box 348 


Meeti Sd coh at 6:30 
P.M., ha Hotel. 


xvi 
4 
Bid 
| 
4 | 
a 
2 
| 
| 


Bulletin of The American Association of Petroleum Geologists, October, 1938 xvii 


STRUCTURAL EVOLUTION OF SOUTHERN CALIFORNIA 


By R. D. ReEep anp J. S. 


is available in the standard binding of the Association: blue cloth, gold stamped, 6 x 9 inches, with 
colored map in pocket. Postpaid, $2.00. Extra copies of the tectonic map, 27 x 31 inches, on strong 
ledger paper in roll: postpaid, $0.50. 


The American Association of Petroleum Geologists, Box 979, Tulsa, Oklahoma 


| GEOGEL HI SPEED = 


G EOTUBE 
= 


ILLINOIS POWDER MFG. CO. 


REVUE DE GEOLOGIE 


| et des Sciences connexes 


RASSEGNA DI GEOLOGIA 
e delle Scienze affini 


Abstract journal published monthly with the cod 
BELGIQUE and under the auspices of the SOCI 


REVIEW OF GEOLOGY 
and Connected Sciences 


RUNDSCHAU FUR GEOLOGIE 


und verwandte Wissenschaften 


ration of the FONDATION UNIVERSITAIRE DE 
E GEOLOGIQUE DE BELGIQUE with the collabora- 


tion of several scientific institutions, geological surveys, and correspondents in all countries of the world. 
GENERAL OFFICE, Revue de Géologie, Institut de Géologie, Université de Liége, Belgium. 
TREASURER, Revue de Géologic, 35, Rue de Armuriers, Liége, Belgium. 


Subscription, Vol. XVIII (1938), 35 belgas 


Sample Copy Sent on Request 


The Annotated 


Bibliography of Economic Geology 
Vol. X, No. 1 


Is Now Ready 


Orders are now being taken for the 
entire volume at $5.00 or for individual 
numbers at $3.00 each. Volumes I-IX can 
still be obtained at $5.00 each. 


The number of entries in Vol. I is 
‘ 1,756. Vol. II contains 2,480, Vol. III, 
2,260, Vol. IV, 2,224, Vol. V, 2,225, Vol. 
VI, 2,085, Vol. VII, 2,166, and Vol. VIII, 
1,186. 


Of these 4,670 refer to petroleum, gas, 
: etc. and geophysics. They cover the 
world. 


If you wish future numbers sent you 
promptly, kindly give us a continuing 
order, 


1 Economic Geology Publishing Co. 
Urbana, Illinois, U.S.A. 


1—Mag- 
FOR SALE netometer 
or Askania- 
Werke A. G. Field Balance for inten- 
sity, new condition, priced at a sub- 
stantial saving. For further details, 


write V. LeMay, Dan Waggoner Bldg., 
Fort Worth, Texas. 


“Petroleum” 


Magazine for the interests of the whole 
Oil Industry and Oil Trade. 
Subscription (52 issues per annum) $18 
VERLAG FOR FACHLITERATUR 
Ges.m.b.H. 


BERLIN SW. 68, Wilhelmstrasse 147. 
VIENNA XIX/1, Vegagasse 4. 
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WE BANK ON OIL 
1895 — 1938 


THE 


FIRST NATIONAL BANK AND TRUST COMPANY 
OF TULSA 


THE GEOTECHNICAL CORPORATION 
Roland F. Beers 


President 


902 Tower Petroleum Building 
Telephone L D 711 Dallas, Texas 


Verlag von Gebrider Borntraeger in Berlin und Leipzig 


Einfihrung in die Geologie, ein Lehrbuch der inneren Dynamik, von 


Professor Dr. H. Cloos. Mit 1 Titelbild, 3 Tafeln und 356 Textabbild- 
ungen (XII und 503 Seiten) 1936 Gebunden RM 24.— 


Das Buch will den iiberreichen Forschungsstoff der letzten Jahrzehnte so 
darstellen, daB sich auch Fernerstehende von dem Bau, der stofflichen Zusam- 
mensetzung und den Bewegungsvorgangen in der Kruste unseres Planeten ein 
Bild machen konnen. Die Darstellung geht tiberall von den Tatsachen und zwar, 
so weit wie méglich, von den tatsachlichen Bewegungen aus und endigt bei ihrer 
gedanklichen Auswertung. Auf die Interessen der Praxis, besonders des Berg- 
baus, ist tiberall Bezug genommen, die Verbindung mit dem Leben nach Maig- 
lichkeit stindig gewahrt. Das Buch sollte auch den nicht mit gelehrtem Gepack 
belasteten Wanderer im Gebirge fiihren kénnen. 

Die Beispiele stammen aus allen Teilen der Erde, nicht guletzt aus Skandina- 
vien, Indien, Nordamerika und Afrika. Aber Deutschland und seine friiheren 
auBereuropaischen Besitzungen sind bevorzugt. 

Fiir den Verfasser gibt es in der Erde keine Einzeldinge und nichts Fertiges. 
Er versucht, die Tatsachen in ihren Zusammenhdangen vorsufiihren (Bewegungen, 
Kreislaufe, Entwicklungen usw.), und méchte alle Erkenntnisse 
aufgefaBt wissen als Pflastersteine in einer StraBe sur Lisung eines letzten, zen- 
tralen Problems der Gesamterde. Liicken in diesem Pflaster werden nicht 
tiberkleistert, sondern deutlich umschrieben. Das Buch will also nicht nur in 
seinem Stoff ein dynamisches sein. 


Ausfihrliche Einzelprospekte kostenfrei 
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Now... 


DETERMINE 
DIFFERENCES 
IN ELEVATION 
QUICKLY, 
ACCURATELY 
AND ECONOMICALLY 


The NEW Paulin » Anes 


Preliminary surveys and contour work are simplified and 
Speeded up where the New Paulin Leveling Aneroid is part of 
the field equipment. This super-sensitive instrument saves 
hours and days by providing quick readings on differences of 
elevation. Corrections for barometric changes are easily and 
quickly computed. The sensitivity of this instrument makes it 


Mail Thi possible to measure differences as slight as one foot. The dial 
al Is is graduated to 2-foot intervals over a range of 4200 feet. 
Coupon Barometric scale on face of dial corresponds to the full range 
For New of the altimetric scale, with readings graduated to .01” of 
mercury from 26” to 30.80”. This instrument, upon specifica- 

Folder tion, can be furnished to operate under excessive pressures in 


low altitudes. 

The Paulin Leveling Aneroid is furnished with a handy 
carrying case of heavy sole leather, fitted with hand and 
shoulder straps. Weight, only 18 oz.; dial, 434” diameter. Send 
for folder and learn more about this remarkable new instru- 
ment. 


AMERICAN PAULIN SYSTEM Ex-Geo-10 
1847 South Fiower St., Los Angeles, California 


Send me by return mail a copy of your circular describing the New 1938 line of Paulin 
Leveling Aneroids. 


on 
al 
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JUST OFF THE PRESS 


PRACTICAL PETROLEUM 
ENGINEERS’ HANDBOOK 


By JOSEPH ZABA, E.M.M.Sc. 
Petroleum Engineer, Rio Bravo Oil Company 


_ and 


W. T. DOHERTY 
Division Superintendent, Humble Oil & Refining Company 


For a number of years there has been a growing demand for a handbook containing formulae 
and other practical information for the benefit of the man working in the production and drilling 
branches of the oil industry. So great has been this need that many engineers have tried to ac- 
cumulate their own handbooks by clipping tables, formulae and figures from scores of sources. 


The co-authors of this volume discovered by coincidence that each had been for a period 
of several years accumulating practical data which through their collaboration appears in this 
book. Both of them are men who have not only received theoretical training but who have had 
many years of practical experience as engineers in dealing with every day oil field drilling and 
production problems. 


As a result of this collaboration of effort the publishers of this volume feel that it is a most 
valuable contribution to oil trade literature. 


Its purposes are distinctly practical. The tables, formulae, and figures com | are practical 
rather than theoretical in nature. It should save the time of many a busy operator, 
superintendent, and foreman. 


TABLE OF CONTENTS 


Chapter |—General Engineering Data Chapter V—Drilling 
Chapter Il—Steam Chapter VI—Production 
Chapter Transmission Chapter Vil—Transportation 


Chapter 1V—Tubular Goods 
Semi-Flexible Fabrikoid Binding, Size 6 x 9, 408 pages—Price $5.00 Postpaid 


Send check to 


THE GULF PUBLISHING COMPANY 
P. O. Drawer 2811 Houston, Texas 
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HESE four records taken in Harris 
County, Texas, depth points being 1.700 feet apart. illustrate 
how the remarkable new SOGAD Amplifier and Diversity Cir- 


cuit can improve on the already satisfactory work being done CORRELATIONS ms % 
in this area. Notice the thirteen different reflections, all on this Mh x 
one record ... and the character displayed. peel mg a. 
In hard to shoot territories, many of which have never been > 
considered workable by seismograph, the SOGAD Amplifier is VIZ ite 
producing satisfactory records. Many areas, where high veloc- a 
ity rock on or near the surface has been a barrier to obtaining a 
satisfactory results, are now being satisfactorily surveyed with ee 
the new equipment. 
In some areas where deep shot holes, of 150 to 200 feet. were ie 
required, the new equipment permitted the use of shot holes ay = 
only deep enough to confine the dynamite, say 40 to 50 feet and E 
with these shallow holes produced superior records. Write us  —— 
for further information on how this improved seismograph in- Ey 
strument may be valuable in solving your geophysical prob- ALS -_ 
lems. We are glad to furnish particulars and cost estimates. aii 
without cost or obligation. * £ ay 
Operators and _. 
geologists are a 
invited to send eae 
for an illus- 
trated booklet. 
POINTING THE WAY ‘FOR THE DRILL 
ESPERSON BUILDING HOUSTON TEXAS 
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< Gun Perforator Field Truck, the symbol of A familiar sight in Oil Electrolog — electrical logging of Complete Oil Well Phe 


mm Lane-Wells Production Meth- Fields, a Lane-Well open hole gives correlative curves Survey Service Sin 
ods that get results for oil well operators crew on derrick floor. on formation resistivity, permea- provides compre- mei 
at lower production costs. bility, potential porosity, etc. hensive surveys. cur 


Each distinct division of Lane-Wells opera- 
tion receives benefit and counsel from the 
others. Every product is bettered and im- 
proved wherever improvement is possible. 
W.T. Wells R.S.Durkee Montrose This policy is also a pledge of better, more 


President Chief gr. Gulf 
Chairman of Vice- Engineer Coast Div. complete services to the oil industry through- 


President 
Director out the world. 


KEEPING PACE WITH THE OIL INDUSTRY'S 
A 
- 


Since its organization, six years ago, 


ingly important: For example, the 


Lane-Wells Company has had but 


training of men, the designing and 


one purpose—to provide the oil in- 


building of equipment, the locating 


dustry with specialized services and 
tools, designed to increase production or to 


lower production costs. 


Oil well operators and Petroleum Engineers 
alike have recognized the value of these 
services, have accepted and made them 
standard practice in many fields. This ac- 
ceptance has resulted in a phenomenal 
growth of the Company. The problems at- 
tendant to that growth have become increas- 


of branches and field offices—all of 
which could not be done over-night. 

To keep pace with the ever increasing de- 
mand for Lane-Wells products and services, 
extensive equipment is essential. Resources 
necessary to provide such equipment have 
now been attained by the Company. Of as 
much importance is the employment by 
Lane-Wells of able executives and techni- 
cians, long-experienced in the oil industry. 


Packers and Liner Hang- 
ers to meet every re- 
quirement are accepted 
universally as the 


Photo-Record Magnetic 
Single Shot Survey Instru- 
ments give drillers the ac- 
curate location of the bit 


Complete Directional 
Drilling Equipment en- 
ables drillers to bot- 
tom a hole at any 


at all times. predetermined point. standard of comparison. 
Lane-Wells Company Gulf Coast Head- 
LANE-WELLS COMPANY 
GENERAL OFFICES AND PLANT—5610 S. Soto Street, Los Angeles, California my 


EXPORT OFFICES—420 Lexington Avenue, New York City, New York 


DIVISION HEADQUARTERS 
PACIFIC COAST—Los Angeles, CaliforniaeGULF COAST—Houston, Texas 
MID-CONTINENT— Oklahoma City, Oklahoma 


FIELD BRANCHES 
TEX AS—Corpus Christi, Longview, Odessa, Victoria 
LOUISIANA—Lake Charles, Shreveport ® OKLAHOMA —Tulsa, Seminole 
CALIFORNIA—Bakersfield, Long Beach, Santa Barbara 
KANSAS—Hutchinson W YOMING—Casper 


Mid-Continent Division Offices are at 
2 N.W. Tenth Street, Oklahoma 
City, Oklahoma. 
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USE AQUAGEL fora drilling mud and for 


USE STABILITE workable viscosities. 


USE BAROCO 


Use BAROID Testing Equipment to aid in main- 
taining the uniform quality of the drilling mud. 


Stocks carried and service engineers available in all active 
oil fields. Look for this trade mark under “Oil Well Drill- 
ing Mud” in your classified telephone directory for our 
nearest service engi and distrib 


BAROID SALES DEPARTMENT 


NATIONAL PIGMENTS & CHEMICAL DIVISION 


NATIONAL LEAD COMPANY 
BAROID SALES OFFICES—LOS ANGELES - TULSA - HOUSTON 


GRAVIMETRIC 
SURVEYS 
with the 
LACOSTE-ROMBERG 
GRAVIMETER 
designed by 
Dr. Lucien J. B. LaCoste 


and 
Dr. Arnold Romberg 


GRAVIMETRIC SURVEY 
CORPORATION 


Tower Petroleum Building 
DALLAS, TEXAS 


THE 
JOURNAL OF 
GEOLOGY 


a semi-quarterly 
Edited by 
ROLLIN T. CHAMBERLIN 


Since 1893 a constant record of 
the advance of geological science. 
Articles deal with problems of 
systematic, theoretical, and funda- 
mental geology. Each ‘article is re- 
plete with diagrams, figures, and 
other illustrations necessary to a 
full scientific understanding. 


$6.00 a year 
$1.00 a single copy 
Canadian postage, 23 cents 
Foreign postage, 65 cents 


THE UNIVERSITY OF CHICAGO PRESS 
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GEOPHYSI 


PASADENA CALIFORNIA | 
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GEOPHYSICAL EXPLORATION 


ELECTRICAL 


MOBILE ELECTRODE MOVEMENT 


For Fluid Level 


Determinations, 
use the Electrical ECHO-METER. 


Greatest accuracy is assured with 
a Steep Front Wave measuring 
device on which there are United 
States Patents pending covering 
the methods and apparatus. 


RATIO OF POTENTIAL TO CURRENT 


PROFILING 


provides ACCURACY, 

SPEED and DEFINITE 
RESULTS at a 

surprisingly LOW COST 


Sole Licensees under JAKOSKY Patents, 
U.S. Nos. 2105247, 2015401 and 1906271 
...Canadian Patent No. 374475. Other 
U.S. and Foreign Patents Pending Cover- 


“GEOPHYSICS, NC. 


ORGANIZED IN 1929 


| 
> 1063 GAYLEY AVE,, LOS ANGELES, CALIFORNIA 
BOX039.2, GREAT BEND, KANSAS 


: | 


ngle yardstick 
ging and perforating. This mea 
given well is perforated with the same 
winch trick, the same cable and the same 


weight on for the 
electrical logging of th we 


cal depth meter, under constant a- 
tion by the engineer in charge, follows 
the vertical motion of the gun, determines 
the depth of the cement plug and shows 
the exact depth of the gun at all times. 
The resulting depth precision assures you 


that your perforations will be placed at 


the exact point desired. 


FAST POWERFUL GUNS 

© Two guns, a 24-shot and a 12-shot, 
are available. Their sound design and 
heavy powder charge give each bullet an 
ample reserve of penetrating power. Fire 


WINCH TRUCK 


ne 


to the surface, the gun can, by means 

a quick mounting head, be detached from 

the cable and be replaced by a loaded 
ighatt three minutes. 


"PROVED METHOD 


These guns were recently introduced 
the first time in this country, but both 


“the gun design and the operating tech- 


nique are well established in foreign 
countries. Precision Gun Perforating is 
licensed under U. S. patents: 1582184, 
2029454, 2029478, 2029490, 2033562, 
2048451, 2061835, 2062974, 2062975, 
2092294, 2092317, and other applica- 
tions pending. 

®@ Your request will bring additional 
information and prices. Call the nearest 
Schlumberger office day or night. 


SHOOTING 
PANEL 


JU 


VEYING CORPORATION 
HOUSTON, TEXAS 


P@epth-gauged and fired, On being rai 
% 
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An A.A.P.G. Book of Oil-Field Structure 


Articles on 

Fields in 
Alberta 
Ontario 
Quebec 
California 
Washington 
Idaho 
Oregon 
Utah 
Montana 
Wyoming 
Colorado 
New Mexico 
Texas 
Kansas 
Oklahoma 
Arkansas 
Louisiana 
Michigan 
Illinois 
Indiana 
Kentucky 
Ohio 
Tennessee 
Mississippi 
Alabama 
New York 
Pennsylvania 
West Virginia 
Mexico 


Valuation 
Reserves 
Helium 

Rare Gases 
The Industry 


Geology of 
Natural Gas 


Edited by HENRY A. LEy 


Here for the first time has been assembled a comprehensive geologic 
treatise of the occurrence of natural gas on the North American Continent. 


@ 1227 pages, including a carefully prepared index of 77 pages 


@ 250 excellent illustrations, including Maps, Sections, Charts, 
Tables, Photographs 


@ Bound in Blue Cloth. 6 x 9 x 2 inches 


Reduced illustration showing natural gas regions in United States 


“There is scarcely any important fact relative to North American gas, be it stratigraphical, 
structural, or statistical, that cannot be readily obtained from the volume.’’—Romanes in 
Jour. Inst. Petrol. Tech. (London). ; 


Price, postpaid, only $4.50 to paid-up members and associates, $6.00 to others 
The American Association of Petroleum Geologists 


BOX 979, TULSA, OKLAHOMA, U.S.A. 
London: Thomas Murby & Co., 1, Fleet Lane, E. C. 4 
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Seitz 


GREENOUGH 
MICROSCOPES 


with multiple nosepiece changer 


The instrument can be conveniently 
carried into the field or used in the 
laboratory. Its important features are: 
an extremely brilliant image .. . 
long working distance, high eye- 
point... 
large field of view . 
change from one magnification to 
another without refocusing. - 


Write for Bulletin No. 9-E 
E. LEITZ, INC. 


730 Fifth Avenue, New York 
Branches 
Chicago Washington 
Western Agents 


dier and S Inc. 
Los and San California 


GEOLOGY OF THE 
TAMPICO REGION, MEXICO 


By JOHN M. MUIR 


PART I. INTRODUCTORY. To ra Drainage. (Pages 1-6.) 
PART IL STRATIGRAPHY AND PAL OGRAPH . Palaeozoic. Mesozoic. Tertiary. 


PART IIL. {GNEous SEEPAGES. Oil. Gas. (143-158.) 
PART IV. GENERAL ST AND STRUCTURE OF OIL FIELDS. Northern Fields 
and Southern Fields: Factors Governing Porosity, Review of Pre- 
Gominens Features, gy oe Description of Each Pool and ield, Natural Gas, 
-Oil Occurrences. (159-225.) 
Oil Temperatures. Salt-Water Temperatures. Well Pressures. Stripping Wells. 
Acid Stratigraphical Data in Miscellaneous Areas. List of 
‘ancoco. 
237-347). LIST OF oF ‘REFERENCE MAPS (248). GAZETTEER (249-250). 


APPENDIX. 


® 280 pages, including bibliography and index 

© 15 A ating 41 line drawings, including 5 maps in pocket 
® 212 references in bibliography 

® Bound in blue cloth; gold stamped; paper jacket. 6 x 9 inches 


$4.50, post free 
$3.50 to A.A.P.G. members and associates 


The American Association of Petroleum Geologists 
BOX 979, TULSA, OKLAHOMA, U.S.A. 
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Drill Rig 


New 


FOR STRUCTURE TESTING, CORE DRILLING 
AND ELECTRICAL LOGGING 


The No. 41 is rated to drill 4 inch hole to 2000 
feet. It is available on truck mounting, as illustrated, 
or on skids, trailer, Athey wagon or tractor. 

A complete, heavy duty rig including two power 
units; three speed transmission; rotary table with 
automatic chuck and hydraulic feed; draw works; 
cathead; 40 foot folding mast; 4!/2” x 6” mud pump; 


SULLIVAN 


MACHINERY COMPANY 


dual type hydraulic oil pump; kelly or rod feed with 
or without hydraulic. 

The automatic chuck, an exclusive development 
on Sullivan drills, greatly reduces “rodding-up" time 
and speeds up the hydraulic feed and reduces ef- 
fort and hazards for both runner and helper. 


Write for Bulletin D-19 


1914 COMMERCE STREET, DALLAS, TEXAS 
30 Church Street, N.¥.C.—Tulsa—Houston—Denver 
—Los Angeles—Michigan City, Indiana—and prin- 
cipal cities throughout the world. 
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“REED 


DRILL 


FOR 


GREATER RECOVERY 
OF 


LARGER DIAMETER 
CORES 


COMBINATION SPRING TOGGLE TYPE 


AND TOGGLE TYPE CORE CATCHER 
CORE CATCHER (UNIFIED CONSTRUCTION) j 9 


ROLLER 


P.O. BOX 2119 ——- HOUSTON, TEXAS 
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Core Bit on the Thomas No. 3, Parr Ranch, in Duval County, 
Texas. It's the kind of core you need—it's the kind of core you 


get with Hughes Core Bits. ee 
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